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Abstract 
 

Nitrogen (N) is an essential macronutrient that limits plant yield and productivity. In order to 

increase crop yield, considerable amounts of nitrogenous fertilizers are applied to agriculture 

systems each year. However, about 25-70% of the applied fertilizer in ecosystem has been 

leached and released to the environment, in the form of NO, N2O and NH3, aggravating 

environmental pollution. Therefore, increasing nitrogen use efficiency in agriculture systems 

is essential to maintain the food production while alleviating the deleterious environmental 

effects of applied N. 

The mechanisms linking C/N balance to N uptake and assimilation are central to plant 

responses to changing soil nutrient levels. Defoliation and subsequent regrowth of pasture 

grasses both impact C partitioning, thereby creating a significant point of interaction with soil 

N availability. Using defoliation as an experimental treatment, the dynamic relationships 

between plant carbohydrate status and NO3
--responsive uptake systems, transporter gene 

expression and N assimilation were investigated in Lolium perenne.  High- and low-affinity 

NO3
- uptake were reduced in an N-dependent manner in response to a rapid and large shift in 

carbohydrate remobilization triggered by defoliation. This reduction in NO3
- uptake was 

rescued by an exogenous 1% glucose supplement, confirming the carbohydrate-dependence 

of NO3
- uptake. The regulation of NO3

- uptake in response to the perturbation of plant C/N 

was associated with changes in expression of the nitrate high-affinity transporter LpNRT2.1b. 

Furthermore, NO3
- assimilation appears to be regulated by the C/N balance, implying a 

mechanism that signals the availability of C metabolites for NO3
- uptake and assimilation at 

the whole-plant level. This study also shows that cytokinins are involved in the regulation of 

nitrogen acquisition and assimilation in response to the changing C/N ratio.  

Root architecture is also a crucial component that impacts the capacity of plants to access 

nutrients and water. By using the recently developed package RootNav, comprehensive 

morphological changes in root system architecture in response to different N sources were 

investigated in Brassica napus. In order to avoid a light-induced morphological and 

physiological responses affecting whole plant growth, an existing solid agar vertical-plate 

system was modified so that to allow roots to be shielded from light without sucrose addition 

and the emerging shoot to be grown without direct contact with the medium, thereby 

mimicking more closely the environmental conditions in nature. The results of 10-days-old B. 
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napus seedlings showed that total root length, LR density and root exploration area decreased 

with increasing external NO3
- concentrations from 0.5 mM to 10 mM. The application of 0.5 

mM NO3
- induced more branching in the root system relative to the treatments with higher N 

concentrations (5 mM and 10 mM). The proportion of biomass allocation occupied by roots 

was greater in the low NO3
- treatment relative to the high NO3

- treatments, reflecting the fact 

that plants invested more resources in their roots when nutrient uptake from the environment 

was limited. In treatments of increasing NH4
+ concentration from 0.5 mM to 10 mM, primary 

root length, total root length, LR branching zone, LR density and root exploration area were 

reduced. These results indicated that NH4
+ toxicity usually leads to a stunted root system in B. 

napus, whereas a low concentration of NH4
+ is an optimal nitrogen resource for plant growth. 

Increasing L-glutamate concentration from 0.01 mM to 0.1 mM suppressed primary root 

length, whilst the LR branching zone did not change in the different L-glutamate treatments, 

suggesting that L-glutamate even at micromolar level could arrest primary root growth and 

LR branching in B. napus. 

By using in situ 15N isotope labelling, morphological and molecular phenotypes generated 

pharmacologically were employed to investigate whether the impacts of contrasting root 

traits are of functional interest in relation to N acquisition. Brassica napus L. were grown in 

solid medium containing 1 mM KNO3 and treated with cytokinin, 6-benzylaminopurine, the 

cytokinin antagonist (PI-55), or both in combination. The contrasting root traits induced by 

PI-55 and 6-benzylaminopurine were strongly related to 15N uptake rate. Large root 

proliferation led to greater 15N cumulative uptake rather than greater 15N uptake efficiency 

per unit root length. This relationship was associated with changes in C and N resource 

distribution between the shoot and root, and in expression of BnNRT2.1. The root/shoot 

biomass ratio was positively correlated with 15N cumulative uptake, suggesting the functional 

utility of root investment for nutrient acquisition. These results demonstrate that root 

proliferation in response to external N is a behaviour which integrates local N availability and 

systemic N status in the plant.  

In conclusion, using two major economic forage species, L. perenne and B. napus, this thesis 

illuminates the impacts of carbon and root system architecture on N uptake. This work 

contributes to our understanding of the mechanisms regulating N uptake and will help further 

in efforts to improve nitrogen use efficiency. 
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1.1 BACKGROUND 
Nitrogen (N) is one of the major mineral nutrients required throughout plant growth. Along 

with water, N is generally considered to limit plant growth and development most frequently 

(Miller and Cramer 2005). Given that N is a key element for crop productivity, it is not 

surprising that large amounts of N fertiliser are applied to the field as a means to increase 

crop or forage yields. There is no question that the increased application to the soil of  

synthetic nitrogenous fertilisers applied to soil in the past decades has had positive effects on 

global food production (Good et al. 2004; Götz et al. 2007). During the past 50 years, cereal 

production has tripled, and is associated with the sharp rise from 12 to 104 Tg of synthetic N 

fertilizers applied to the field annually (Mulvaney et al. 2009). However, only about 40% of 

N fertiliser in the soil is taken up by the plant, indicating a significant proportion of the 

applied N leached to the environment, resulting in high N-loading of rivers and oceans and 

substantial loss of freshwater and marine life and diversity (Vitousek et al. 2009). In addition, 

it has been reported that excessive N fertiliser application causes a significant increase in 

nitrous oxide (N2O) emitted from agricultural production systems.  N2O is a cause of 

stratospheric ozone depletion and global warming (Wuebbles 2009). In this context, 

investigating the N economy of plants could be a strategy with significant environmental 

benefits and economic value.  

Major efforts to increase the nitrogen use efficiency (NUE) of crops are underway. NUE in 

its broadest sense is defined as the crop yield per given amount of N fertiliser applied. While 

traditional breeding strategies to improve crop yield have been successful, selections have 

generally been made in N-rich environments without a consideration of NUE (Fischer et al. 

2009). Current research has now begun turning attention to NUE and considering the input 

side of productivity, investigating new solutions that draw upon an understanding of plant 

physiology and developmental biology (Tsay et al. 2011; Xu et al. 2012). The objective of 

this field of research is to increase yield while maintaining, or preferably reducing, N 

application. To this end, key questions framing this research are 1) how do plants take up and 

assimilate N from the soil?, 2) what are the key regulators that determine nitrogen transport, 

distribution and storage?, and 3) what is the nature and mechanism of signalling pathways 

that regulate these processes? 

Previous studies have conveyed information that plants have a complex mechanism to sense 

the available N in the soil and their internal N status. These studies indicate a cross-talk with 

plant hormones so that the plant adapts to fluctuating nitrogen concentrations by modulating 
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key transporter expression, enzyme activities and components of N metabolism. Together, 

these provide an efficient system to maintain C/N homeostasis in the plant (Sakakibara et al. 

2006). In this context, investigating the way in which plants can sense N availability and its 

regulation by plant hormones is a key step for improving NUE by plants. In this review, the 

N sensory transduction and regulatory network by hormones is outlined – this forms the basis 

of an attempt to find a possible strategy for efficient use and assimilation of N in the context 

of physiological and developmental biology.  

 

1.2 PRIMARY N METABOLISM   

1.2.1. Nitrogen uptake and transport from the soil 

Non-leguminous plants acquire nitrogen from the soil. Generally, nitrogen is available to 

plants in either an inorganic form, such as NO3
- or NH4

+, or an organic form including urea, 

amino acids, peptides and proteins. NO3
- is a major form of N resource for plant growth and 

development (Schmidt et al. 2013). However, organic N forms are increasingly being 

recognised as an ecologically significant source of N (Schmidt et al. 2013). Notwithstanding 

this, nitrate, via the mineralisation of applied urea fertilisers, serves as the dominant source of 

N in agricultural systems. Interestingly, the nitrate molecule itself has the capacity to elicit a 

signal that has important effects on plant development and growth, sensing internal N and 

balancing of N in shoot and root (Ho et al. 2009b). The NO3
- uptake by roots is determined 

by many factors, including nitrate itself, N-metabolites (e.g. ammonium and amino acids), 

and carbon products from photosynthesis.  

Soil N distribution is heterogeneous. Spatial-temporal variation of soil nitrogen availability 

and form is due to environmental factors in the soil such as soil type, pH, temperature, 

moisture content and the activities of microorganisms. In this context, being immobile 

organisms, plants have evolved sophisticated systems that enable them to change their 

phenotype, thereby adapting to fluctuating environments.  These modifications include 

regulation of N uptake capacity (Kiba et al. 2011), plasticity of root architecture (Ruffel et al, 

2011) and adjustment of the shoot/root ratio (Hermans et al. 2006). This phenotypic plasticity 

is coordinated in concert with other abiotic stress responses including scarcity of potassium 

and phosphorus (Forde 2002a).   
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Nitrate is taken up by membrane-bound transporters localized in epidermal and cortical cells 

(Wang et al. 2012b).  NO3
- levels in the soil can fluctuate by more than four orders of 

magnitude. Consequently, plants have evolved two types of transport systems to cope with 

the fluctuations of nitrate in the soil, one involving a high-affinity transport system (HATS), 

and the other involving a low-affinity transport system (LATS). The HATS operate at low 

external nitrate concentrations (<250 µM), whereas the LAT systems operate at high external 

nitrate concentrations (>1 mM). The LATS systems of nitrate uptake are composed of 

inducible (iLATS) and constitutive components (cLATS) (Tsay et al. 1993; Huang et al. 

1999a).  Likewise, both inducible HATS (iHATS) and constitutive HATS (cHATS) have 

been found to be present at low nitrate concentrations in Arabidopsis and barley (Siddiqi et al. 

1990). Genes that encode each family of transporters have been identified and characterized 

to constitute two large gene families: NRT1 and NRT2. In Arabidopsis, nine of 53 members in 

the NRT1 family have been identified as NO3
- transporters and AtNRT1.1 (CHL1) was the 

first identified nitrate transporter in planta (Tsay et al. 1993; Chen et al. 2012; Wang et al. 

2012b). Two root-localized NRT1 transporters (NRT1.1/CHL1) and NRT1.2, and three root-

localized NRT2 transporters (NRT2.1, NRT2.2 and NRT2.4) have been identified as molecular 

components of nitrate uptake in roots (Tsay et al. 1993; Huang et al. 1999a; Kiba et al. 2012; 

Wang et al. 2012b). AtNRT1.1 and the MtNRT1.3 from Medicago sativa have been 

determined as dual-affinity nitrate transporters (Liu et al. 1999a; Morère-Le Paven et al. 

2011). AtNRT1.1 is a NO3
--inducible membrane transporter (Huang et al. 1999b). It has been 

found that AtNRT1.1 is also involved in nitrate inducible signalling (Remans et al. 2006; Ho 

et al. 2009b).  

As a dual-affinity transporter, CHL1 (AtNRT1.1 ) modulates its affinity for nitrate by way of 

phosphorylation/dephosphorylation of threonine 101 (CHL1T101) by the CBL-interacting 

protein kinase CIPK23 (Liu and Tsay 2003). As a nitrate sensor, the phosphorylation switch 

of CHL1 is also responsible for sensing a wide range of external nitrate concentration, thus 

triggering various levels of the primary nitrate response (Ho et al. 2009b). Interestingly, 

nitrate binding, but not nitrate uptake, is required for triggering signals (Ho et al. 2009b). 

Under low NO3
- availability, NO3

- tends to bind to the high-affinity site, thus activating or 

recruiting CIPK23 to phosphorylate CHL1 at T101. As a consequence, the phosphorylated 

CHL1 inhibits a high nitrate primary response. In contrast, when exposed to high nitrate 

conditions, nitrate can bind to a low-affinity site. This low-affinity binding then prevents the 

phosphorylation of CHL1 at T101, which then induces a high nitrate primary response (Ho et 
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al. 2009b). Whether the switch of nitrate binding between high and low-affinity sites is 

related to conformation of CHL1 protein or other mechanisms is yet to be elucidated. 

Nonetheless, the proposed model indicates how CHL1 might functions as a sensor in plants 

in addition to its dual affinity transport function.  

In the NRT2 family, several NRT2 members have been proposed to function in high-affinity 

nitrate uptake (Cerezo et al. 2001; Li et al. 2007; Kiba et al. 2012). It has been established 

that NRT2.1 is predominantly responsible for regulation of high-affinity transport of nitrate. 

Null mutants for NRT2.1 have been reported to lose partial HAT activity, with the residual 

HAT activity probably due to the existence of constitutive HAT transporters (Cerezo et al. 

2001; Filleur et al. 2001; Li et al. 2007). As a consequence, the mutants cannot grow 

normally in nitrate-deprived conditions (e.g. <1 mM), confirming an important role of 

NRT2.1 in high-affinity NO3
- transport  (Orsel et al. 2006). Among these seven NRT2 

members, only the transcript level of NRT2.1 showed a correlation with the regulation of the 

HATS and NRT2.1 is up-regulated by nitrate deficiency (Okamoto et al. 2003) and down-

regulated by high N supply and by N metabolites, such as ammonium and amino acids (Lejay 

et al. 1999; Zhuo et al. 1999). Although the mechanism of NAR2.1 function is still unknown, 

it has been proposed that the active form of the transporter is in fact a NRT2.1/NAR2.1 

hetero oligomer (Yong et al. 2010) and that the posttranscriptional control of both genes 

plays an essential role in regulation of HATS (Laugier et al. 2012). 

1.2.2. Transportation of nitrate root-to-shoot 

Because nitrate assimilation is energy intensive, herbaceous plants attempt to address this 

problem through transporting nitrate to leaves, where nitrate assimilation processes can 

directly access energy derived from photosynthesis (Canvin and Atkins 1974; Andrews 1986). 

The proportion of nitrate transported from root to shoot is dependent not only on intrinsic 

factors that differ between plant species but also on environmental factors, such as 

temperature, light levels, and nitrate availability of nitrate in the soil (Smirnoff and Stewart 

1985). Under sufficient light conditions, nitrate assimilation in leaves is more energy efficient 

than that in roots (Smirnoff and Stewart 1985). In contrast, under low light intensity, leaf 

assimilation loses the advantage of lower energy cost because nitrate and CO2 compete for 

ATP and reductants (Canvin and Atkins 1974). Consequently, a relatively greater portion of 

nitrate assimilation occurs in roots rather than leaves under stressful conditions (Deane-

Drummond et al. 1980; Clarkson and Deane-Drummond 1983; Smirnoff and Stewart 1985). 
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For the long-distance transport of NO3
-, xylem loading is required. In Arabidopsis, it is likely 

that AtNRT1.5, a low-affinity transporter, is involved in the root-to-shoot transport of nitrate. 

AtNRT1.5 is localized in the plasma membrane of the xylem-pole pericycle. AtNRT1.5 

knockout mutations resulted in decreasing root-to-shoot transport of nitrate, confirming the 

role of AtNRT1.5 in loading nitrate into root xylem (Lin et al. 2008b). However, the root-to-

shoot transport of nitrate is not completely eliminated in the absence of NRT1.5, suggesting 

that in addition to NRT1.5, another xylem loading transporter or mechanism is also involved 

in xylem loading of nitrate (Lin et al. 2008b). Interestingly, Chen and co-workers found that 

NRT1.5 is also involved in stress tolerance (Chen et al. 2012). 

So far, AtNRT1.8 and AtNRT1.9 have been identified to regulate the root-to-shoot transport of 

nitrate (Wang et al. 2012b). AtNRT1.8, an inducible low-affinity transporter, is mainly 

expressed in the plasma membrane of xylem parenchyma cells in Arabidopsis roots. The T-

DNA insertion mutant nrt1.8 shows a significant increase of nitrate accumulation on xylem 

sap relative to wild type, suggesting that AtNRT1.8 functions in xylem unloading to remove 

NO3
- from xylem vessels. Similarly, the mutant nrt1.9 shows increased root-to-shoot 

transport of nitrate and decreased nitrate concentration in root phloem exudates, suggesting 

that AtNRT1.9, located on the plasma membrane of the companion cells of the root phloem, 

facilitates phloem loading of nitrate (Wang and Tsay 2011a). It is likely that NRT1.8 and 

NRT1.9 are involved in retrieving nitrate from the xylem sap, whereas NRT1.5 imports 

nitrate into root xylem. 

 It seems that plants employ NRT1.5, NRT1.8 and NRT1.9 to co-ordinate and fine-tune long-

distance transport of nitrate from root to shoot to regulate the distribution of nitrate in roots 

and shoots, thus optimising nitrate assimilation efficiency under variable external 

environmental conditions. 

1.2.3. Nitrate remobilisation in the shoot 

In addition to the root-to-shoot transport pathway of nitrate, there are other transport 

pathways in shoot tissue that regulate the remobilisation of nitrate. These pathways contribute 

to the allocation of nitrate within the whole plant in a co-ordinated manner. It is well known 

that remobilisation of nitrogen in plants is also a key factor in improving N use efficiency 

(Masclaux-Daubresse et al. 2010). NRT1.4, a low-affinity transporter which is mainly 

expressed in the leaf petiole, plays a critical role in mediating leaf NO3
- balance and leaf 

development (Chiu et al. 2004). In the nrt1.4 mutant, reduced nitrate amounts in the petiole 
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and increased amounts in the leaf lamina were observed. Given that AtNRT1.4 regulates the 

distribution of nitrate between petiole and lamina, it is likely that a lamina-derived signal sent 

to the petiole activates the remobilisation of nitrate stored in the petiole (Wang et al. 2012b). 

However, a mechanism for this remains unclear.  

AtNRT1.7, a low-affinity transporter and localised in phloem tissue of older leaves, plays a 

role in source-to-sink remobilisation of NO3
- (Fan et al. 2009). Relative to wild-type, a 

greater amount of nitrate is measured in the older leaves of the nrt1.7 mutant and less in the 

phloem exudates of older leaves, suggesting that NRT1.7 participates in phloem loading of 

NO3
- in the source leaf. Furthermore, less 15NO3

- in old leaves was remobilised into younger 

leaves indicating that NRT1.7 functions in transporting NO3
- out of older leaves and into 

younger tissues with high N demand (Fan et al. 2009).  

1.2.4 Nitrogen assimilation  

The fraction of nitrogen taken up from the soil as nitrate is integrated into organic compounds 

via a number of enzymatic-catalysed steps. Once nitrate enters the cell, its reduction into 

NO2
- is catalysed in the cytosol by NR, suggesting that NR has potential as a candidate for 

improving N uptake efficiency (Lejay et al. 1999). NR is a homodimer, each monomer 

having three components: flavin adenine dinucleotide (FAD), a heme and a molybdenum 

cofactor (Campbell 1999). After reduction of NO3
- into NO2

-, nitrite is translocated to the 

chloroplast and reduced to ammonium by the NiR. Ammonium, either originating from NO3
- 

reduction or directly from soil, is mainly assimilated in the plastid/chloroplast by the 

GS/GOGAT cycle (Lea and Miflin 1974; Lea and Forde 1994). In this process, the glutamine 

synthetase (GS) fixes ammonium to a glutamate (Glu) molecule to form glutamine (Gln). 

Glutamine then reacts with 2-oxoglutarate to form two molecules of glutamate, this step 

being catalysed by the glutamine 2-oxoglutarate amino transferase (or glutamate synthase, 

GOGAT). In plants, there are two different forms of GOGAT: Fd-GOGAT which is mainly 

located in leaf chloroplasts, and NADH-GOGAT which is predominantly localized in plastids 

of non-photosynthetic tissues like seeds and roots (Suzuki and Knaff 2005).  

Glutamate dehydrogenase (GDH) is also involved in ammonium assimilation, catalyzing a 

reversible enzymatic reaction involving the assimilation of ammonium into Glu and the 

deamination of Glu into 2-oxoglutarate (2OG) and ammonium (Lancien et al. 2000). The two 

types of GDH depend on either NAD(H) or NADP(H) located in the mitochondria and 

chloroplasts, respectively (Lancien et al. 2000). 
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1.3. CARBON AND HORMONAL REGULATION OF NO3
- SIGNALLING 

COMPONENTS 

As reviewed above, plants are able to sense changes in N availability in the soil, and regulate 

their own metabolism and development to adapt to these changes through integrating 

signalling of nitrogen availability at the intracellular, intercellular and inter-organ level. 

Recent studies have shown that carbon and some hormonal signal pathways are integrated 

signals of nitrogen deficiency/satiety. 

1.3.1. Carbon 

The regulation of root nitrate uptake by C metabolites from photosynthesis has previously 

been demonstrated by diurnal stimulation of NO3
- uptake. Sugars transported from shoots to 

roots play an important role in this diurnal stimulatory effect (Rideout and Raper Jr 1994; 

Delhon et al. 1996; Lejay et al. 1999). Several nitrate transporter genes - NRT2.1, NRT1.1 

and NRT2.4 - are not only responsive to N availability, but also C treatments (Lejay et al. 

2003; Kiba et al. 2012). The expression of NRT2.1 and NRT1.1 has been shown to be 

stimulated by sugars. However, the signalling mechanism involved this regulation is still 

unclear. Several studies reported that the oxidative pentose phosphate pathway (OPPP) is 

required for the induction of NRT2.1 and NRT1.1 transcript accumulation by C, but also for 

the regulation of nitrate assimilatory genes in roots by C treatments. This suggests that OPPP 

could be one component that integrates N signalling with C metabolism (Lejay et al. 2008; 

Bussell et al. 2013; De Jong et al. 2014). Other evidence of regulation of root NO3
- uptake by 

photosynthesis is the impact of CO2 on root N uptake. The long-term treatment with a high 

concentration of CO2 may lead to a decline of N status in plants, which is the opposite of 

what is observed in sugar treatments (Taub and Wang 2008; Leakey et al. 2009). These 

discrepancies reflect the fact that cross-talk between C and N in plants remains unclear.  

Nitrate that is taken up by root cells, is translocated into shoots for assimilation, or directly 

assimilated in roots depending on plant species and environmental conditions. Nitrogen 

assimilation is an energy-dependent process, and also requires C skeletons. In leaves, 

inorganic N assimilation rates are considerable greater when the plant is exposed to light 

compared with in dark, due to the efficient provision of ATP and reducing power by the 

products of photosynthesis (Matt et al. 2001). N assimilates are integrated into 

photosynthesis, photorespiration and respiration. These reflect an extremely close 
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relationship between nitrogen and carbon in plants. Microarray analysis of Arabidopsis 

transiently exposed to a matrix of C and N treatments has indicated that a large proportion of 

genes responded to a C/N interaction, suggesting C and/or N, or a metabolic product of C and 

N assimilation (e.g. an amino acid), might act as a signal in the regulation of gene expression 

(Gutiérrez et al. 2007). It has been known that plants employ an intricate regulatory network 

that integrates nutrient availability, the ability of N assimilation and C metabolism, 

environmental conditions with plant growth and development (Nunes-Nesi et al. 2010).  

1.3.2. Cytokinin 

Cytokinins (CK) can regulate plant development and growth, and modify metabolism and 

morphogenesis in response to environmental fluctuations (Mok and Mok 2001; Sakakibara et 

al. 2006; Choi and Hwang 2007). Recently, cytokinin has been identified as mediator in 

nitrogen signalling pathways (Ruffel et al. 2008; Ruffel et al. 2011). In addition to nitrate, 

plants appear to recruit other molecules to communicate N availability between roots and 

shoots. It has been reported that cytokinins within the xylem and phloem, might be involved 

in the communication of the N status between roots and shoots. The isoprenoid cytokinins are 

biosynthesied via adenosine phosphate-isopentenyltransferase (IPT). The first formed 

cytokinins are the nucleotides. The riboside forms are regarded as the main translocated 

forms, and the free bases the biologically active forms detected by receptors (Sakakibara 

2006). The signalling pathway in Arabidopsis involves a multi-step signalling network 

linking between the receptors and the response regulators (RRs) (Hwang et al. 2012). The 

cis-forms of the cytokinins derive from the turnover of specific tRNA moities. Cytokinin 

homeostasis is determined by the rate of ctyokinin degradation which is catalysed by 

cytokinin oxidase/dehydrogenase (CKX) and by conjugation. For a general overview of the 

cytokinins see Jameson (2017). 

Many studies have investigated so far in the mechanisms of CK biosynthesis. The rate-

limiting step of CK biosynthesis is the transfer of an isopentenyl moiety from dimethylallyl 

diposphate (DMAPP) to the N6 position of ATP/ADP. This key step is catalysed by the 

enzyme adenosine phosphates-isopentenyltransferase (IPT) (Kakimoto 2001; Takei et al. 

2001a; Sakakibara et al. 2006). AtIPT1 and the homologs AtIPT3-AtIPT8 have been 

characterized as CK biosynthesis genes in Arabidopsis (Takei et al. 2001a). Research using 

the model plant species Arabidopsis has provided an insight into nitrogen-mediated 

regulation of CK biosynthesis.  
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The expression of AtIPT gene family members is tissue-specific, suggesting that CKs are 

produced in both shoots and roots (Miyawaki et al. 2004; Hirose et al. 2008). Among seven 

IPT gene family members in Arabidopsis, the expression of AtIPT3 is induced by application 

of nitrogen to deficient plants and is followed by an accumulation of CKs, whereas AtIPT5 is 

affected by supplementing with nitrate and ammonium in long-term treatments (Miyawaki et 

al. 2004). Additionally, the DS transposon-insertion mutant of AtIPT3, showed a diminished 

nitrate-dependent accumulation of CKs. This indicates that AtIPT3, rather than AtIPT5 is 

involved in the response of CK biosynthesis to rapid changes in nitrogen supply (Takei et al. 

2004a).  

Cytokinins are involve in regulating NO3
- uptake systems in response to fluctuations in N 

availability (Krouk et al. 2011). It has been shown that trans zeatin (tZ)-type cytokinin is the 

major form in xylem sap, while isopentenyl adenine (iP-type) and cis Z-type cytokinins are 

predominantly presented in phloem sap (Takei et al. 2004b; Hirose et al. 2008). In 

Arabidopsis, iP-type cytokinins are translocated from the shoot to the root. The atipt1:3:5:7 

mutant, grafted with the wild-type shoot, showed normal growth and a restored level of iP-

type cytokinins, suggesting that iP-type cytokinins translocated from the shoot to the root 

have biological function (Matsumoto-Kitano et al. 2008). It has been proposed that 

cytokinins could be involved in local and systemic signals to coordinate responses at the 

whole plant level, and to communicate N status between multiple organs (Takei et al. 2001b; 

Sakakibara et al. 2006; Matsumoto-Kitano et al. 2008; Kudo et al. 2010). A split-root 

experiment in Arabidopsis has demonstrated that NITRATE TRANSPORTER NRT2.1 and 

NAR2.1 regulation, driven by shoot-root systemic N signalling, is mediated by cytokinin 

biosynthesis under the control of AtIPT3 and/or AtIPT5, and/or AtIPT7 gene (Ruffel et al. 

2011). Further, genome-wide analyses for cytokinin responsive genes in Arabidopsis have 

indicated that cytokinin can down-regulate root localized transporters including AtNRT1.1, 

AtNRT2.1, AtNRT2.2, and AtNRT1.5 (Brenner et al. 2005; Li et al. 2007). These gene 

families have been functionally identified as major components of the NO3
- uptake and xylem 

loading system (Liu et al. 1999b; Lin et al. 2008a). In contrast, cytokinin up-regulates shoot 

localized AtNRT genes under both high- and low-nitrogen conditions (Kiba et al. 2011). 

Given that shoot-expression of AtNRT genes correlate well with nitrogen translocation and 

distribution, it is conceivable that CKs can induce shoot-type AtNRT genes to enhance 

nitrogen translocation and distribution.  



14	
	

1.3.3. Auxin 

Auxin is an important hormone that can regulate plant morphology and development. Lateral 

root (LR) formation is a particularly well studied system (Fukaki and Tasaka 2009).  

Although auxin can be locally synthesised in the root, the majority of auxin is transported 

from the shoot by the phloem (Ljung et al. 2005). Given that auxin is transported basipetally 

and promotes LR branching, it is plausible to consider auxin as a candidate for mediating 

nitrogen shoot-to–root signals. In maize, the reduced root growth in response to high NO3
- 

concentration is accompanied by low levels of auxin content in the phloem and can be 

restored by exogenous NAA and IAA, consistent with the suggestion that auxin plays a role 

in nitrate-dependent root elongation (Tian et al. 2008). Conversely, Arabidopsis roots with 

low N supply contain higher levels of auxin compared with seedlings with high N supply 

(Kiba et al. 2011).  

Important advances in our mechanistic understanding of how nitrogen signalling regulates 

auxin signalling have been observed. It has been shown that the LR outgrowth in response to 

nitrogen is mediated via microRNA167a (miR167a) which represses the transcriptional level 

of a nitrogen-inducible Auxin Response Factor (ARF8) (Gifford et al. 2008). The link 

between microRNA regulation of other macro-nutrient responses has also been observed for 

phosphate and sulphate uptake (Bari et al. 2006). ARF8 is a documented target of miR167 

and is expressed in pericycle cells (Wu et al. 2006). Under nitrogen treatment (glutamine or 

some nitrate metabolites rather than nitrate itself), the levels of miR167a was down-regulated, 

the ARF8 transcripts accumulate and an increase the ratio of initiating/emerging lateral roots 

was observed (Gifford et al. 2008). Interestingly, it has been observed that AtNRT1.1 not only 

facilitates the transport of NO3
-, but also auxin (Krouk et al. 2010). Under low NO3

- 

conditions, AtNRT1.1 preferentially carries auxin, thereby transporting auxin out of LRs and 

repressing LR growth. Conversely, NO3
- competes with auxin in terms of transportation by 

AtNRT1.1 under high NO3
- condition, resulting in auxin accumulation in LR tips and thus 

stimulating their growth (Krouk et al. 2010). 

 

1.4. ROOT DEVELOPMENT IN RESPONSE TO NITROGEN 

1.4.1. Localised stimulation of lateral root growth in response to NO3
- 

Plants reveal considerable developmental plasticity in response to fluctuating environmental 

factors. Root development in response to varied N supply is an example of such plasticity. An 
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increase in localised nitrate stimulates proliferation of LRs, thereby allowing the plant to 

forage and better exploit NO3
--rich soil zones (Zhang and Forde 2000). Several components 

are involved in the regulatory mechanism underlying the adaptive development of the LRs. 

The nitrate-induced MADS box transcription factor ARABIDOPSIS NITRATE REGULATED 

1 (ANR1) has been characterised as promoting LR elongation in response to NO3
- (Zhang and 

Forde 1998). Plants with down-regulated ANR1 no longer respond to localised nitrate supply 

by proliferating LRs, suggesting that ANR1 is a key component in the developmental 

plasticity response to localised stimulus of nitrate. The identification of ANR1 was an 

important step in determining a specific signalling pathway for the localised nitrate 

stimulatory response (Zhang et al. 2007). In addition, NRT1.1 is linked to the ANR1-

dependent signalling pathway. The NRT1.1-deficient mutants display reduced LR growth. 

Interestingly, this reduced LR growth was independent of both reduced nitrate uptake and a 

decrease in N metabolite accumulation, because in NRT1.1-deficient mutants the specific 

NO3
- uptake was increased and an alternative N source could not rescue the LR growth 

phenotype. In fact, perturbed sensitivity to a localised NO3
- stimulus was accompanied by 

reduced ANR1 expression and a similar phenotype to the ANR1-deficient mutants, indicating 

that NRT1.1 may act upstream of ANR1 and regulate the abundance of ANR1 transcript 

(Remans et al. 2006).  

1.4.2. Systemic inhibition of lateral root development in response to NO3
- 

In addition to the local stimulatory effects on LR growth, NO3
- also can repress LR 

development (Zhang and Forde 1998; Zhang et al. 1999; Zhang and Forde 2000). LR 

development is inhibited in Arabidopsis seedlings grown at high NO3
- concentration. The 

inhibition of LR outgrowth occurs immediately after the emergence from the primary root, 

whereas stimulatory effects act on mature LRs. Further evidence of an inhibitory effect on 

LRs is due to an accumulation of NO3
-  itself inside the plant, rather than being due to 

downstream NO3
-  metabolite assimilation, as the nitrate reductase-deficient mutants showed 

enhanced inhibitory effects on LR development (Zhang et al. 1999). In this context, a long-

distance signal generated from shoots has been proposed to regulate LR development (Zhang 

et al. 1999).  

Although, the precise mechanism of this long-distance signal is unknown, several candidates 

have been identified. The first candidate that may contribute to this signal pathway is auxin, 

as it is transported basipetally from the shoot and acropetally in the root, and shoot-derived 

indole-3-acetic acid (IAA) is necessary for the initiation of lateral root primordia (LRP) 
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(Zhang et al. 1999; Bhalerao et al. 2002). Higher IAA concentrations have been observed in 

roots of Arabidopsis seedlings transferred to LN nitrate (1 mM) from HN nitrate (50 mM) 

compared with those still grown in HN condition (50 mM) (Walch-Liu et al. 2006a). This 

phenomenon seems to support the hypothesis that NO3
-  accumulation in the shoot may be 

responsible for inhibition of auxin transport to the root and thus lead to failure of LRs through 

the auxin-requiring threshold in LR development (Forde 2002a). 

1.5. CONCLUSION  

The integration of root architecture modulation, uptake-activity regulation and transcriptional 

responses provides an efficient system enabling plants to adapt to a variety of nitrogen 

conditions and avoid the accumulation of abundant or toxic levels of nitrogen metabolites. 

Over recent decades, investigations have improved our understanding of N signal 

transduction and several key components involved in this process have been characterization. 

Based on the current framework, it is clear that some components participate in multiple 

signalling responses and some seem to play a role in different nutrient signalling (Xu et al. 

2006; Ho et al. 2009b). Therefore, a challenge for future research is to extend the current 

framework into comprehensive networks. In this case, the question on how these components 

exerts specific effects on each of these responses, and whether different nutrient signalling 

mechanisms overlap at some points, need to be addressed.  However, the ultimate challenge 

will be to apply the knowledge and molecular tools obtained from the research to improve N 

use efficiency, thus decreasing the level of fertiliser application and reducing costs and 

environmental pollution. 

1.6. RESEARCH QUESTIONS 

In New Zealand’s animal production system, Lolium perenne, a cool-season grass species, 

provides the main nutrients for grazing cows and sheep during spring and early summer, 

whereas forage brassica (Brassica napus) is grown as a supplement and alternative to 

pastures from early summer through to late winter due to severe drought and/or low 

temperature (de Ruiter et al. 2009; Hampton et al. 2012). In order to increase the yield of dry 

matter, a range from 250 to 325 kg N ha-1 N fertilizer is applied annually in New Zealand 

(Rossi et al. 2014). However, about 25-70% of applied N fertilizers in agricultural systems is 

leached and released to the environment, in the form of NO3
-, NO, N2O and NH3, causing 

severe environmental issues (Davidson et al. 2011; Sutton et al. 2011; De Vries et al. 2013; 

Qiao et al. 2015). Improving N utilization efficiency is a priority to maintain food production 

while alleviating the deleterious environmental effects of N.  



17	
	

Current knowledge indicates that carbon and nitrogen metabolism is coordinated via sensing 

the C/N balance, and that this is regulated by the expression of genes involved in 

photosynthesis, metabolic pathways, protein degradation and N assimilation (Stitt and Krapp 

1999; Coruzzi and Zhou 2001; Palenchar et al. 2004; Gutiérrez et al. 2007).  Despite several 

studies proposing possible mechanisms underlying C and N signalling in Arabidopsis, a 

definitive mechanistic understanding remains elusive. In this context, the dramatic shift in 

C/N balance resulting from defoliation and regrowth in forage grasses such as Lolium 

perenne has the potential to reveal insights into the comprehensive understanding of C/N 

interactions in plants that are otherwise not possible to observe in dicotyledonous species. 

From this, a number of research questions can be posed: 

(1) What is the dynamic relationship between carbohydrate reserves and N uptake rate?  

(2) How does the plant sense the internal C/N balance? 

(3) How does the plant cope with perturbation of the C/N balance? 

Under field conditions, plant roots are major sites which directly interact with soil and absorb 

soil nitrogen. Given that root foraging is a behaviour which integrates intrinsic genetics with 

nutrient availability and demand for plant growth and development, a number of further 

questions are raised:  

(1) How do plants respond to different N forms? Is there a common mechanism underpinning 

these responses to N resources? 

(2) What is the functional significance of root system architecture?  

(3) Does root foraging behaviour matter in nitrogen use efficiency? 

 

1.7. HYPOTHESISES AND OVERVIEW OF THESIS 

In this study, the first hypothesis that was tested was associated with the fact that there is a C-

cost associated with inorganic N uptake and assimilation: the hypothesis was that N uptake is 

repressed in the days after defoliation due to the competing requirement of C to sustain 

regrowth in L. perenne. In the study of root system architecture, phenotypes with contrasting 

root traits were developed using pharmacological treatments to test the hypothesis that 
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differences in root system architecture would lead to functional differences in relation to N 

acquisition. 

 

As described in Fig. 1.1, this thesis is divided into three experimental sections addressing the 

following topics: 

Chapter 2 

The aim of Chapter 2 was to assess the mechanisms linking C/N balance to N uptake and 

assimilation in L. perenne. Lolium was chosen specifically because of its importance as a 

pasture fodder species, and because its carbohydrate status can be manipulated by simulated 

grazing, from which it readily regrows from multiple growing points. Using defoliation in 

this way as an experimental treatment, perennial ryegrass plants were manipulated to have 

contrasting internal carbohydrate reserves. By using these plants possessing contrasting 

carbon and nitrogen status, 15NO3
- isotope experiments were used to investigate the dynamic 

relationship between carbohydrate reserves and nitrate uptake. Using primers designed based 

on transcriptome data, the expression of the high-and low-affinity transporter genes and 

nitrate assimilation genes were profiled. With collaboration with research groups in Sweden 

and the Czech Republic, the oligosaccharide and cytokinin metabolites in samples were 

profiled, respectively.  

The results from this chapter are published in Journal of Experimental Botany (Guo et al. 

2017 doi: 10.1093/jxb/erx056). 

Chapter 3 

This aim of this chapter was to develop the high-throughput 2-D root system architecture 

phenotyping platform. Initial investigations were conducted with both Lolium perenne and 

Brassica napus because of their contrasting growth forms and root systems. Due to technical 

issues, the vertical-plate culture system was not successful for root cultivation in Lolium 

perenne, so the study of RSA presented here focused on the dicot species Brassica napus. In 

order to capture the morphological response of root system architecture conveniently and 

effectively, the traditional vertical-plate culture system was improved by shielding plant roots 

from light. Coupling with RootNav software for root analysis, the root morphological 
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changes were investigated in B.  napus in response to different N forms over a wide range of 

concentrations.  

This piece of work provides a foundation for next investigation of the functional significance 

of root system architecture described in Chapter 4.  

Chapter 4 

In Brassica napus, using in situ 15N isotope labelling, morphological and molecular 

phenotypes generated pharmacologically were employed to investigate that contrasting root 

traits are functionally related to nitrogen acquisition. Cytokinin (6-benzylaminopurine) and 

PI-55 (a cytokinin antagonist) were used to generate the phenotypes with contrasting root 

traits. By using transcriptome data of B. napus to develop primers, the nitrate transporter 

genes and root system architecture genes were profiled. Also, Michaelis-Menten kinetics 

were performed to investigate root Vmax and Km in these contrasting root phenotypes.  

The results of this chapter have been submitted for publication in the journal Functional 

Plant Biology. 
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Fig 1. 1 The frame work of the research in the thesis. 
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Chapter 2-Depletion of carbohydrate reserve limits nitrate uptake during 
early regrowth in Lolium perenne L. via cytokinin-implicated regulation 
 



22	
	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23	
	

2.1 INTRODUCTION 
Grasses are well adapted to tolerate and recover from the severe and frequent defoliation 

associated with grazing (Lestienne et al. 2006). The most obvious developmental aspect of 

this is the physical protection of the meristem at the crown. Less overt, but no less critical, are 

the metabolic aspects of this tolerance. For instance, leaf regrowth and the re-establishment 

of photosynthesis in the leaf prior to its transition from sink to source is dependent upon the 

remobilization of stored nutrient resources, particularly carbon (C) and nitrogen (N) (Ourry et 

al. 1989; Lestienne et al. 2006). In the period immediately following defoliation, 

photosynthetic capacity is temporarily compromised, interrupting C assimilation and the 

capacity to assimilate newly acquired inorganic N into biomass, which is a process requiring 

reducing equivalents, ATP and C skeletons generated from respiration of sucrose derived 

from stored C (Dawar et al. 2010; Nunes-Nesi et al. 2010). Indeed, it has been established 

that root growth, inorganic N uptake, respiration and nitrate assimilation decline rapidly after 

defoliation (Boucaud and Bigot 1989; Ourry et al. 1989; Richards 1993; Louahlia et al. 2008).  

Some evidence exists to suggest that carbon and nitrogen metabolism is coordinated via a 

sensing of plant C/N balance, and regulated by the expression of genes involved in 

photosynthesis, metabolic pathways, protein degradation and N assimilation (Stitt and Krapp 

1999; Coruzzi and Zhou 2001; Palenchar et al. 2004; Gutiérrez et al. 2007).  Microarray data 

from Arabidopsis transiently exposed to a matrix of C and N treatments has indicated that a 

large proportion of genes respond to a C/N interaction, suggesting C and/or N, or a metabolic 

product of C and N assimilation (e.g. an amino acid), might act as a signal in the regulation of 

gene expression (Gutiérrez et al. 2007). Despite several studies proposing possible 

mechanisms underlying C and N signalling in Arabidopsis, a definitive mechanistic 

understanding remains elusive. The dramatic shift in C/N metabolic partitioning resulting 

from defoliation and regrowth in forage grasses such as Lolium perenne L. has the potential 

to reveal insights into the integration of C/N assimilation in plants that are otherwise not 

possible to observe in dicotyledonous species. 

Fructans, polymers of fructose that are based on sucrose, are the major storage carbohydrates 

in temperature forage grasses, such as L. perenne (Turner et al. 2006).  Fructans from 

different sources display different degrees of polymerization (DP) and linkages between 

adjacent fructose residues (Sims et al. 1992). Fructan exohydrolases (FEHs), such as 1-FEHs 

and 6-FEHs, have been characterized as enzymes degrading fructans with β(2–1) and β(2–6) 

linkages, respectively (Van den Ende et al. 2004). Lp1-FEH has been functionally 
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characterized in L. perenne (Chalmers et al. 2005; Lothier et al. 2007). Previous research by 

our research group has confirmed that the fructan pool in L. perenne is degraded when NO3
- 

is supplied to N-deficient plants (Roche et al. 2016), consistent with earlier work by Morvan-

Betrand et al. (1999) and Louahlia et al. (2008). While it was observed that shoots initially 

contain a relatively larger pool of fructans than roots, and a greater relative proportion of 

fructan depletion was observed in shoots compared to roots, the root fructan pool appeared to 

be exhausted sooner than shoots, suggesting that both root and shoot fructan pools support 

nitrate uptake and assimilation (Roche et al. 2016). In response to defoliation, early shoot 

regrowth is also sustained by remobilization of the C stored as fructans in elongating leaf 

bases and mature leaf sheathes (Morvan-Bertrand et al. 1999; Morvan-Bertrand et al. 2001). 

Logically, the importance of root-derived C in supporting regrowth must also be considered 

in terms of the greater root biomass fraction that exists following defoliation. Thus, C and N 

remobilization under the new metabolic condition induced by defoliation must necessarily be 

coordinated at a whole plant level.  

 

The cytokinins, in addition to multiple roles in plant growth and development, are well 

known to play a role in regulating NO3
- uptake systems in response to fluctuations in N 

availability (Krouk et al. 2011). It has been shown that trans zeatin (tZ)-type cytokinins 

(which carry a hydroxyl on the isoprenoid side chain) are the major forms in xylem sap, 

while isopentenyl adenine (iP-type) and cis Z-type cytokinins are the predominant forms in 

phloem sap (Takei et al. 2004b; Hirose et al. 2008). Matsumoto-kitano et al. (2008) showed 

that iP-type cytokinins translocated from the shoot to the root in Arabidopsis were functional.  

It has been proposed that cytokinins could be involved in local and long-distance signalling to 

coordinate responses at the whole plant level, and to communicate N status between multiple 

organs (Takei et al. 2001b; Sakakibara et al. 2006; Turner et al. 2006; Matsumoto-Kitano et 

al. 2008; Kudo et al. 2010; Shtratnikova et al. 2015). A split-root experiment in Arabidopsis 

has demonstrated that NITRATE TRANSPORTER NRT2.1 and NAR2.1 regulation, driven 

by shoot-root systemic N signalling, is mediated by cytokinin biosynthesis (Ruffel et al. 

2011). Further, genome-wide analyses for cytokinin responsive genes in Arabidopsis have 

indicated that exogenous cytokinin can down-regulate root localized transporters including 

AtNRT1.1, AtNRT2.1, AtNRT2.2, and AtNRT1.5 (Brenner et al. 2005; Li et al. 2007). These 

gene families have been functionally identified as major components of the NO3
- uptake and 

xylem loading system (Liu et al. 1999b; Lin et al. 2008a). In contrast, cytokinin also up-
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regulates shoot localized AtNRT genes under both high- and low-nitrogen conditions (Kiba et 

al. 2011). 

 

Crosstalk between sugar signalling and cytokinin signals has support from previous studies. 

Global gene profiling coupled with physiological analysis in Arabidopsis has indicated 74% 

of cytokinin-regulated genes may be significantly affected by glucose, either agonistically or 

antagonistically (Kushwah and Laxmi 2014). Among these genes, 98% of the agonistically 

regulated genes were influenced by glucose alone at the transcript level, while the majority of 

antagonistically regulated genes (58%) were affected non-transcriptionally in the presence of 

glucose alone. This suggests that interaction between glucose and cytokinin signalling may 

act via different mechanisms (Kushwah and Laxmi 2014). Additionally, up-regulation of 

AtIPT3 and some Type A ARABIDOPSIS RESPONSE REGULATORS (ARRs) and 

CYTOKININ RESPONSE FACTORS (CRFs) by glucose suggests a potential role of glucose 

in modulating cytokinin signalling at various levels from biosynthesis to signalling (Kushwah 

and Laxmi 2014). It is thus plausible that cytokinins may play an active role in balancing the 

C/N status of the plant (Wang and Ruan 2016). Cytokinin deficiency, resulting from 

overexpression of CYTOKININ OXIDASE/DEHYDROGENASE (CKX), in Arabidopsis 

causes an increased root/shoot ratio, with inhibited shoot growth and a larger root system 

(Werner et al. 2003; Werner et al. 2008). This observation indicates that cytokinin deficiency 

may trigger a shift in C allocation from shoot to root, enhancing soil “foraging” capacity for 

nitrate under limited N availability (Ruffel et al. 2011). Once taken up, the increased NO3
- 

induces cytokinin biosynthesis in a nitrate-dependent manner (Krouk et al. 2011). 

Consequently, cytokinins translocated to the shoot could regulate C allocation to keep a 

balanced shoot-to-root development (Wang and Ruan 2016).  

With an ultimate goal of finding ways to better manage N input in grassland-based 

agricultural systems such as dairy farming, I investigated the nitrate uptake response to two 

independent but coinciding metabolic demands on fructan-defoliation and nitrate addition. I 

carried out a stable isotope N-uptake experiment, measured fructan content, and profiled 

cytokinin metabolites and relevant genes in L. perenne growing hydroponically. Of particular 

interest was the degree of metabolic constraint, if any, that the defoliation-regrowth cycle and 

associated fructan depletion has on inorganic N uptake efficiency. Given the C-cost 

associated with inorganic N uptake and assimilation (Roche et al. 2016), the hypothesis is 

that this metabolic demand is not adequately met in the days after defoliation due to the 

competing C allocation to sustain regrowth (Louahlia et al., 2008). Then this study offers 
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insight into the underlying physiological and molecular regulation by profiling cytokinin 

levels together with expression of genes putatively involved in NO3
- uptake, assimilation, 

fructan hydrolysis and cytokinin metabolism and signal transduction in response to 

defoliation and glucose supplement. 
 

2.2 MATERIALS AND METHODS 

2.2.1 Plant growth 

Seeds of Lolium perenne L. cv. Grasslands Nui were germinated in 1.5 ml Eppendorf tubes 

filled with perlite (tube tips removed) and the tubes placed in unfertilized soil for 11 weeks at 

20-24°C in a glasshouse located in University of Canterbury, Christchurch. The basic N-free 

Hoagland medium (pH 6.0; Bioworld, USA) was supplemented with 0.05 or 5 mM KNO3 as 

a sole nitrogen source every week. Eight-week-old plants were defoliated at 4 cm above 

ground level. After 3-weeks regrowth, plant roots were washed and the plants transferred to a 

hydroponic system which contained basic N-free Hoagland medium supplemented with either 

0.05 or 5 mM KNO3, consistent with the previous growth conditions. The plants remained in 

the tube to avoid transplant damage and the tubes were slotted into the hydroponic channels 

(Fig. 2.1). Based on preliminary experiments, a one-week adaptation phase in liquid culture 

medium was required for plants to retain pre-transfer competence (as assessed by leaf gas 

exchange and stomatal conductance measurements). The pH of treatment solutions was 

maintained at 6.0. After the one-week adaptation half the plants were again defoliated. The 

time zero of the experiments is defined by the second defoliation of plants. Flow diagrams of 

the experimental processes are shown in Fig. 2.2.  

 

 

 

 

 

 

 

Fig 2. 1 Photographs of the 
intact and defoliated plants 
in the hydroponics system, 
and the experimental set up 
for the nitrate uptake 
experiments. 

	



27	
	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plants	grown	in	soil	
with	0.05mM	KNO3	for	
11	weeks Hydroponic	system	containing	

0.05mM	KNO3	for	8	d 

Washing	roots 

0.05	mM	K
15
NO

3
 5	mM	K

15
NO

3
 

15
N	incubation	for	NO3

-
 uptake	measurement 

Intact 

0.05	mM	K
15
NO

3
 5	mM	K

15
NO

3
 

Leaves 

Leaf	sheaths 

Roots 

Harvesting 

Defoliated 

5	mM	K
15
NO

3
 0.05	mM	K

15
NO

3
 

Regrowth 

Leaf	sheaths 

Roots 

Harvesting 

				
T0			 

Intact 

Defoliated 

5	mM	K
15
NO

3
 0.05	mM	K

15
NO

3
 

Leaves 

	Leaf	sheaths 

Roots 

Harvesting 

Leaf	sheaths 

Roots 

Harvesting 

LN	(0.05mM) 

T48	 
Hydroponic	system	containing	0.05mM	KNO3	 

The	first	defoliation	
at	8-weeks	old 



28	
	

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

  

 

Plants	grown	in	soil	
with		5	mM	KNO3	for	11	
weeks Hydroponic	system	containing	

5	mM	KNO3	for	8	d 

Washing	roots 

0.05	mM	K
15
NO

3
 5	mM	K

15
NO

3
 

15
N	incubation	for	NO3

-
	uptake	measurement 

 

Intact 

0.05	mM	K
15
NO

3
 5	mM	K

15
NO

3
 

Leaves 

Leaf	sheaths 

Roots 

Harvesting 

Defoliated 

5	mM	K
15
NO

3
 0.05	mM	K

15
NO

3
 

Regrowth 

Leaf	sheaths 

Roots 

Harvesting 

				
T0			 

Intact 

Defoliated 

5	mM	K
15
NO

3
 0.05	mM	K

15
NO

3
 

Leaves 

Leaf	sheaths 

Roots 

Harvesting 

Leaf	sheaths 

Roots 

Harvesting 

HN	(5mM) 

T48	 
Hydroponic	system	containing	5	mM	KNO3	 

The	first	defoliation	
at	8-weeks	old 

Fig 2. 2 Flow diagram of nitrate uptake experiments 
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2.2.2. K15NO3 uptake and isotope analysis 

Nitrogen content was measured in roots and leaf sheaths of 12-week-old L. perenne plants 8 d 

after they were transferred from soil to a hydroponic solution and then defoliated to 40 mm 

above the crown. For the purpose of this study, the leaf sheath is defined as tissue from crown 

to 40 mm above, including elongating leaf bases and mature leaf sheaths, and this same part 

was harvested for the analysis in the intact plants.  Root uptake of NO3
- was determined by 

15N labelling. At 0 and 48 h after defoliation, plants were gently blotted on tissue paper and 

then immediately rinsed with 0.1 mM CaSO4 for 1 min to remove any adsorbed compounds 

on the root surface, followed by 1 h of exposure to basic nitrogen-free Hoagland medium 

supplemented with either 0.05 or 5 mM 15N-labelled KNO3 (atom % 15N: 10%). During the 

uptake experiments the incubation solutions were aerated by an aquarium pump. At the end 

of the incubation period, roots were immediately rinsed with 0.1 mM CaSO4 for 1 min. Leaf 

sheaths and roots were separated, frozen in liquid nitrogen immediately and stored at -80 °C. 

For this study, five plants were pooled as one biological replicate and each treatment had five 

independent biological replicates. One gram of fresh samples was ground to a fine powder 

and freeze dried for 3 d. Total N and 15N content in the samples were determined with an 

isotope ratio mass spectrometer (Waikato University, New Zealand). 

2.2.3. Glucose treatment 

After 42 h of regrowth as described above, 100 plants grown in solutions with 5 mM KNO3 

were then supplemented with either 0.1% or 1% (w/v) glucose (25 plants each) or with 0.1% 

or 1% (w/v) mannitol (25 plants each) as an osmotic control. After 6 h, K15NO3 uptake 

measurements were carried out by exposing roots to 5 mM 15N-labelled KNO3 (atom % 15N: 

10%) solutions as described above. A flow diagram of the experimental processes is shown in 

Fig. 2.3. 
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A subset of HN plants as described in Fig. 2.1 above was subjected to glucose treatment at 42 h 

after defoliation. 100 plants grown in solutions with 5 mM KNO3 were then supplemented with 

either 0.1% or 1% (w/v) glucose (25 plants each) or in 0.1% or 1% (w/v) mannitol (25 plants 

each) as control. After 6 h, the K15NO3 uptake measurement was carried out by exposing roots to 

5 mM 15N-labelled KNO3 (atom % 15N: 10%) solutions as described above. 
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Fig 2. 3 Flow diagram of K15NO3 uptake measurement in glucose rescue experiment 
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2.2.4. Target gene sequence determination 

Sequences of candidate target gene family members in perennial ryegrass were determined 

through BLAST searching the NCBI database and a RNA-Seq transcriptome database using 

prfect BLAST 2.0 software in the lab of Jiancheng Song at Yantai University. An Illumina 

HiSeq2000 genome analyzer and a pool of combined RNA samples extracted from multiple 

developmental stages of leaves, flower spikes and seeds of perennial ryegrass cv. Nui were 

used to generate the transcriptome database containing 169,862 assembled sequence contigs 

of 595 bp in average length. All available orthologue sequences of the target gene families in 

the GenBank database in perennial ryegrass and closely related species were used as local 

BLAST search query sequences. The putative sequences of interest were verified via BLAST 

searching the GenBank database and via multiple sequence alignment with representative 

orthologue sequences in closely related species. By using all of the annotated family 

members of NRT in Brachypodium distachyon, wheat, rice and maize species available in the 

GenBank database, most of the putative NRT1, NRT2 and NAR orthologous sequences were 

identified in L. perenne. 

Neighbor-joining (NJ) phylogenetic trees of the newly identified sequences of LpNRT1, 

LpNRT2, LpNR, LpNiR, LpCKX and LpRR, and their orthologues were created using Clustal 

X software with 1000 bootstrap replicates. The phylogenetic trees were visualized with 

TreeView software (Appendix Information Fig. S3). Each tree was rooted with an out group 

orthologue sequence from an unrelated species. The LpRR tree was shown in Roche et al. 

(2016). The GenBank accession numbers for the nucleotide sequences determined in this 

work will be listed in Table 1 of Appendix 1. 

2.2.5. RNA isolation, primers design and quantitative RT-PCR 

For gene expression analysis, total RNA was extracted from up to 100 mg of frozen samples 

using RNase Plant Mini Kit (Qiagen, Germany), following the manufacturer’s protocols. 

Total RNA was then treated with DNase I Set (Qiagen) before checking integrity and quality 

by running on a 1% (w/v) agarose gel. The concentration and purity of the isolated RNA 

samples were assessed using a NanodropTM spectrophotometer. Three independent tissue 

samples (each comprising tissues from five plants) for each treatment were used as biological 
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replicates. Up to 1 µg of extracted RNA was converted to cDNA using QuantiTect Reverse 

Transcription Kit according to the manufacturer’s instructions (Qiagen).  

Specific PCR primers were designed for each family member of the target genes, using 

Primer Premier 6.20. Whenever possible, primer pairs were designed to span at least one 

intron to avoid/detect genomic contamination. In most cases, four primer pair combinations 

were designed and the best one was chosen for gene expression analysis. Primer sequences 

for reference genes and target genes can be found in Appendix Information Table S1.  

The relative expression levels of LpNRT, LpNR, LpNiR, LpCKX and LpRR gene family 

members were determined using RT-qPCR. A volume of 15 µL was used for all qPCR 

reactions containing 1 µL of 10-fold diluted cDNA, the relevant primers and home-made 

SYBR Green master mix (Song et al. 2012) in a Rotor-Gene Q real-time PCR machine 

(Qiagen, Germany). PCR products were Sanger-sequenced to confirm homology to genes 

which were already identified in NCBI gene databases. The expression levels of the target 

genes were normalized using two reference genes from L. perenne, ELONGATION FACTOR 

(eEF-1α) and GAPDH. The relative expression of each target gene was corrected and 

calculated using the 2- ∆∆Ct method as described in previous studies (Schmittgen and Livak 

2008; Song et al. 2015). 

2.2.6. Oligosaccharide profiling  

WSC were measured in plants grown under high and low nitrate supply, 1 h and 48 h after 

defoliation. Samples were harvested and immediately flash frozen in liquid nitrogen. Ground 

and freeze-dried plant materials (25 mg) were weighed and placed into 2 mL Eppendorf tubes 

for fructan extraction using a protocol developed and conducted by Jana Späth at the Swedish 

Metabolomics Centre, Umea (See Appendix 2).  

2.2.7. Endogenous cytokinin quantification 

Extraction and qualification of cytokinins from around 3 mg DW samples were performed as 

described previously (Dobrev and Kamınek 2002; Antoniadi et al. 2015) using the LC-

MS/MS system consisting of an ACQUITY UPLC ® System (Waters) and Xevo ® TQ-S 

(Waters) triple quadrupole mass spectrometer in the lab of Ondřej Novák at Palacký 

University (Svačinová et al. 2012). 
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2.2.8. Statistical analyses 

For each treatment in the K15NO3 uptake experiment, values are the mean ± SE of five 

biological replicates, with each replicate comprising a pool of five plants. For gene 

expression analysis, three biological replicates, each comprising a pool of five plants, were 

tested and values are the mean ± SE. Means were tested for significance using a two-tailed t-

test. 

 

2.3 RESULTS 

2.3.1 Regrowth 48 hours after defoliation 

As expected, both leaf sheath and root N content was significantly greater (P<0.001) in plants 

grown under high NO3
- (HN, 5 mM) conditions than in plants grown under low NO3

- (LN, 

0.05 mM) (Fig. 2.4a,b). During the early phase of recovery after defoliation, the regrowth rate 

in HN plants was more than 2-fold greater than in LN plants (Fig. 2.4c). Consequently, the 

regrowth biomass of HN plants was significantly greater than that of LN plants 48 h after 

defoliation (Fig. 2.4d).  
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Fig 2. 4 Growth parameters 48 h after defoliation of L. perenne plants grown under low 
(0.05 mM) or high (5 mM) nitrate supply (LN vs HN).       

 

 

 

 

 

 

(a, b) Nitrogen (N) content before and 48 h after defoliation; (c) regrowth rate; (d) dry 

biomass 48 h after defoliation. Values in (a), (b) and (d) are means ±SEM (n=5, pools of 

five plants each). Values in (c) are means ±SEM (n=36 plants). ***denotes significantly 

different means between LN plants (gray bars) and HN plants (black bars) at P<0.001. 
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2.3.2. Water-soluble carbohydrate and Fructan exohydrolases gene (Lp1-FEH) 

transcript level  

In order to assess the dynamics of carbon metabolism during the first 48 h of regrowth, water 

soluble carbohydrates (WSC) were profiled. With the exception of disccharides, which 

showed similar relative abundance in LN plants and HN plants, fructans were found in 

greater relative abundance in LN roots and leaf sheaths compared to HN plants (Fig. 2.5). 

During the first hour after defoliation, the remobilization of fructans occurred only in roots of 

HN plants, while no difference was observed in either roots or leaf sheaths of LN plants 

relative to intact plants (Fig. 2.5a,b). In comparison to the intact plants, the total 

concentration of WSCs was significantly reduced 48 h after defoliation in both roots and leaf 

sheaths of HN plants, whereas in LN plants depletion of the fructan pool was only observed 

in roots, implying that the nature of defoliation-induced remobilization of the fructan pool 

after 48 h was tissue-specific (Fig. 2.5c,d). In roots, the extent of exhaustion of the fructan 

pool of HN plants was more severe compared to that in LN plants (Fig 2.5b,d). Lp1-FEH 

transcription broadly showed a trend of induction in response to defoliation, significantly so 

in LN roots and leaf sheaths after 48 h, where the fructan content was highest (Fig. 2.6). 
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Fig 2. 5 Relative abundance in carbon (C) units of water-soluble carbohydrates (WSC) 
in L. perenne. 

WSC were measured in plants grown under high (HN, squares) and low nitrate (LN, circles) 

supply, 1 h and 48 h after defoliation. Relative abundance in C units was calculated by 

multiplying peak intensity by degree of polymerization (DP). WSC profile in (a) leaf sheaths 

and (b) roots after 1 h; (c) leaf sheaths and (d) roots after 48 h. WSCs with degree of 

polymerization (DP) from three to eight are referred to here as low molecular weight (LMW) 

WSCs, and DP9 to DP20 are referred to as high molecular weight (HMW) WSCs. The total 

concentrations of LMW and HMW WSCs are shown in the inserted bar graphs. Values are 

means ±SEM (n=5 pools of five plants each). *denotes significantly different means between 

intact plants (gray) and defoliated plants (black) (* P<0.05, ** P<0.01, ***P<0.001). 
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Fig 2. 6 Expression of putative Lp6-FEH and Lp1-FEH in L. perenne plants grown 

under either 0.05 mM (LN) or 5 mM NO3
- (HN) supply.  

 

 

 

 

 

 

0.05 mM (LN) or 5 mM NO3
- (HN) supply, 1 h and 48 h after defoliation. Each data 

point was normalised against reference genes eEF-1α and GAPDH. Values are means 

±SEM (n=3 pools of five plants each). *denotes significantly different means between 

intact plants (grey bars) and defoliated plants (black bars) (* P<0.05, ** P<0.01). 
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2.3.3. Nitrate uptake rate and N allocation 

To better understand changes in NO3
- uptake in response to defoliation, plants were exposed 

to 0.05 mM and 5 mM NO3
- to stimulate either the nitrate high-affinity uptake system (HATS) 

or the low-affinity uptake system (LATS), respectively. The concentrations chosen were well 

below or above the point at which HATS or LATS would be saturated (Siddiqi et al. 1990; 

Garnett et al. 2013). The NO3
- HATS and LATS responses in both HN and LN plants were 

measured using 15N isotopically labelled NO3
-. During the first 1 h after defoliation, no 

difference in NO3
- uptake rate via HATS or LATS was observed in LN plants compared to 

intact plants, whereas NO3
- uptake via both HATS and LATS in defoliated HN plants was 

significantly greater relative to intact plants (Fig. 2.7a). In intact plants, HATS uptake in LN 

plants was greater than that in HN plants, while a much greater LATS uptake was induced in 

HN plants (Fig. 2.7a). 48 h after defoliation, both HATS and LATS uptake rate in HN plants 

dropped by 93% and 79%, respectively, relative to intact plants, reaching a final value of 0.12 

µmol g-1 DW h-1 and 1.7 µmol g-1 DW h-1, respectively (Fig. 2.7b). Likewise, the HATS and 

LATS uptake measured in LN plants 48 h after defoliation were 27% and 31% lower than 

those measured in intact plants grown under LN condition, respectively (Fig. 2.7b).  The 

reduction in both HATS and LATS uptake in HN plants was markedly greater than that of 

LN plants 48 h after defoliation. 

To investigate the impact of defoliation on N distribution, 15N allocation to leaf sheaths 

following the incubations in 15N-labelled NO3
- was measured at 1 h and 48 h after defoliation. 

Relative allocation was determined as the proportion of labelled 15N in leaf sheaths to that in 

the total plant (roots and leaf sheaths).  During the first hour after defoliation, with exception 

of LN plants incubated in 5 mM 15N-labelled NO3
-  and HN plants incubated in 0.05 mM 15N-

labelled NO3
-  , relative less 15N was allocated to leaf sheaths in defoliated LN and HN plants 

than in the controls (Fig. 2.7c). By contrast, despite the decline in NO3
- uptake rate 48 h after 

defoliation (Fig. 2.7b), the 15N allocation to leaf sheaths was relatively greater in both HN 

and LN defoliated plants than in intact plants (Fig. 2.7d).  
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Fig 2. 7 The impact of defoliation on NO3
- uptake and translocation in L.perenne. 

In order to investigate HATS and LATS uptake capacity, plants were grown under low NO3
- 

(LN: 0.05 mM) or high NO3
- (HN: 5 mM), and then defoliated (or left intact).  Plants were 

then exposed for 1 h to either 0.05 mM or 5 mM 15N-labelled NO3
- either immediately after 

defoliation or 48 h after defoliation. During the period of 15N-labelling, NO3
- uptake rate (a) 

and translocation rate from roots to leaf sheaths (b) were measured. 15N allocation to leaf 

sheaths was determined as the proportion of 15N-labelled NO3
- in leaf sheath to that in the 

total plant (roots and leaf sheaths). Values are means ±SEM (n=5, pools of five plants each). 

*denotes significantly different means between intact plants (grey bars) and defoliated plants 

(black bars) (* P<0.05, ** P<0.01, ***P<0.001). 
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2.3.4. NRT, NR and NiR transcript levels 

At the whole-root level, NRT2 and NAR transcript levels in LN roots were generally greater 

than those in HN roots (Fig. 2.8a-e). This was particularly evident for the putative HAT 

candidate genes LpNRT2.1a and LpNRT2.1b, where transcript expression in roots of LN 

plants were 20-50 fold greater relative to HN plants (Fig. 2.8b). In addition, 48 h after 

defoliation, an increasing trend in transcript abundance of LpNRT2.1b was observed in LN 

roots, relative to intact plants, whereas no significant difference was observed between 

defoliated and intact LN plants during the first hour after defoliation. Although transcript 

levels were relatively low in HN roots following the 1 h incubation in 0.05 mM or 5 mM 15N-

labelled NO3
-, a reduction in LpNRT2.1b transcript abundance was apparent 48 h after 

defoliation. Notably, within 1 h of defoliation, LpNRT2.1b expression was induced in HN 

roots incubated with 5 mM 15N-labelled NO3
- (P=0.06, Fig. 2.8b). LpNRT2.5 and LpNRT2.7 

showed similar patterns of response, but with approximately 100-fold less transcript 

abundance relative to LpNRT2.1a and LpNRT2.1b (Fig. 2.8a-d). Similarly, LpNAR displayed 

a similar pattern to LpNRT2.1a and LpNRT2.1b, suggesting an important role in the function 

of NRT2.1 in NO3
- uptake (Fig. 2.8e). 

With regard to NRT1, another set of NRT gene family members involved in nitrate uptake, 

the transcript levels of LpNRT1.1, LpNRT1.2, LpNRT1.3, LpNRT1.4 and LpNRT1.5 were 

about 1000-fold less than those of LpNRT2.1a and LpNRT2.1b (Fig. 2.8). Generally, apart 

from LpNRT1.1, NRT1 members did not show clear differences between low N and high N 

treatments (Fig. 2.8f-j).  

In order to determine whether N assimilation is tightly coordinated, the influence of C/N 

balance on the expression of nitrate reductase (NR) and nitrite reductase (NiR) genes was 

assessed. Similar to nitrate transporter gene expression, transcript levels of genes involved in 

nitrate assimilation (LpNR1, LpNRb and LpNiR) were more abundant in plants grown under 

LN conditions relative to those under HN conditions (Fig. 2.9). With exposure to HN 

conditions, expression of LpNR1 and LpNRb in sheaths was significantly induced 48-h after 

defoliation, whereas LpNR expression in roots showed a trend of reduction 48 h after 

defoliation (Fig. 2.9a-d). Notably, in HN roots, LpNR1 and LpNRb expression was induced 

during the first hour after defoliation (Fig. 2.9b,d). The transcripts of LpNiR showed a similar 

pattern to that of LpNR1 and LpNRb. In LN conditions, LpNR1, LpNRb and LpNiR expression 

was induced in roots 48 h after defoliation, whereas there was no change in leaf sheaths (Fig. 

2.9b,d,f).  
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Fig 2. 8 Expression of putative high-and low-affinity (NRT1, NRT2 and NAR) NO3
- 

transporters in roots of L.perenne. 

Plants were grown at either 0.05 mM (LN) or 5 mM (HN) NO3
- , and then defoliated (or left 

intact). The expression level of LpNRT2.1b in HN roots is shown in the inserted bar graph in 

(b). Each data point is normalized against reference genes eEF-1α and GAPDH. Values are 

means ± SEM (n=3 pools of five plants each). *denotes significantly different means between 

intact plants (grey bars) and defoliated plants (black bars) at P<0.05.  
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Fig 2. 9 Expression of putative NO3
- reductase (NR) and nitrite reductase (NiR) genes in 

L. perenne. 

Plants were grown at either 0.05 mM (LN) or 5 mM (HN) NO3
- , and then defoliated (or left 

intact).  Each data point is normalized against reference genes eEF-1α and GAPDH. Values 

are means ± SEM (n=3, pools of five plants each). *denotes significantly different means 

between intact plants (grey bars) and defoliated plants (black bars) at P<0.05. 

 



43	
	

2.3.5. Glucose supplement  

To further distinguish the relationship between carbon change dynamics following defoliation 

and N uptake responses, a subset of the HN plants were subjected to exogenous glucose 

treatment 42 h after defoliation. After 6 h of treatment with 0.1%-glucose, fructan abundance 

in roots increased compared with the mannitol control and this increase was more 

pronounced when the glucose concentration was increased to 1% (Fig. 2.10b). With 0.1% 

glucose treatment, LMW WSCs increased 5-fold while HMW WSC levels did not change. 

When glucose concentration increased to 1%, LMW WSCs in roots were increased by 10-

fold compared to those in control plants, and HMW WSCs also increased significantly (bar 

graph inserts in Fig. 2.10b). However, there was no significant difference as a result of the 6 

h glucose supplement on fructan abundance in leaf sheaths (Fig. 2.10a). 

After 6 h of glucose treatment, a subset of HN plants was moved to 5 mM 15N isotopically 

labelled NO3
- for LATS measurement. With 0.1% glucose treatment, LATS uptake was 

increased slightly compared to that in the mannitol treatment (Fig. 2.10c). When the 

concentration of glucose was increased to 1%, this difference was significantly increased, 

with LATS uptake over 2-fold greater than in the control (Fig. 2.10c). The 1% glucose 

supplement induced a significant decline in the percentage of NO3
- translocated from roots to 

leaf sheaths (Fig. 2.10d). 

The transcript profiles of LpNRT2.1a and LpNRT2.1b were also investigated following the 

glucose treatments. At the concentration of 0.1% glucose, the transcript level of LpNRT2.1b 

was significantly enhanced (Fig. 2.10f). Increasing glucose concentration to 1% resulted in a 

400-fold increase in the transcript level of LpNRT2.1b relative to the mannitol control (Fig. 

2.10f). There was no significant change in the transcript abundance of LpNRT2.1a following 

glucose treatment (Fig. 2.10e). 
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Fig 2. 10 WSC contents, NO3
- uptake and Lp6-FEH, Lp1-FEH, LpNRT1.1, LpNRT2.1a 

expression in L. perenne roots with 6 h of supplemental glucose. 

Plants were grown in HN conditions and supplied with 0.1% or 1% glucose 42 h after 

defoliation. After 6 h, the impact of supplemental 0.1% (squares) or 1% (circles) glucose 

treatment on: (a, b) the relative abundance (in carbon units) of water-soluble carbohydrate 

(WSC); (c) and (d) Lp6-FEH and Lp1-FEH expression; (e) NO3
- uptake rate; (e) and (f) 

nitrate transporter gene expression were investigated. Values are means ±SEM (n=5, pools of 

five plants each).*denotes significantly different means between mannitol (grey) and glucose 

(black) treatment (* P<0.05, ** P<0.01, ***P<0.001). 
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2.3.6. Changes in endogenous cytokinin content following defoliation 

To better understand the role of cytokinin in communicating the root-shoot C/N balance at 

the whole-plant level, cytokinins and their conjugates were quantified in L. perenne plants. 

Overall, the total cytokinin complement was greater in the leaf sheaths and roots of HN plants 

compared with LN plants, irrespective of defoliation. Under HN, both tZ and tZ riboside (tZR) 

had decreased in the leaf sheaths 48 h after defoliation, whereas both iP and iP riboside (iPR) 

decreased in the roots 48 h after defoliation, relative to intact controls (Fig. 2.11). In the LN 

plants, with the exception of an accumulation of iPR in leaf sheaths 48 h after defoliation, 

there was little change in other cytokinins. In addition, iP and iPR in leaf sheaths was greater 

in HN defoliated plants following the 6-h 1% glucose treatment relative to HN defoliated 

plants without glucose treatment. Although there were no significant changes in iPR contents 

between glucose and mannitol treatment, iPR contents were greater in roots with 1% glucose 

treatment relative to HN defoliated roots without glucose or mannitol addition (Fig. 2.11). 

Substantial amounts of cis Z-type CKs were found in L. perenne. Among them, cis-zeatin (cZ) 

accumulated in leaf sheaths in the 48 h following defoliation of HN plants, compared with the 

leaf sheaths of control plants (Fig. 2.11). Further, cZ contents decreased in leaf sheaths and 

roots of plants treated with glucose relative to HN defoliated plants without glucose or 

mannitol treatment. This decrease was also observed in the 1% mannitol treatment (Fig. 2.11).  
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Fig 2. 11 Cytokinin concentrations in low (LN) and high (HN) L. perenne roots and leaf 

sheaths 48 h after defoliation. 

Values are means ±SEM (n=5, pools of five plants each).*denotes significantly different 

means between intact plants (grey bars) and defoliated plants (black bars), or between 

defoliated plants (black bars) and defoliated plants supplemented with 1% glucose (white 

bars) or 1% mannitol (hatched bars) (* P<0.05, ** P<0.01, ***P<0.001). 
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2.3.7. Expression of cytokinin response regulator and cytokinin oxidase/dehydrogenase 

gene family members. 

Based on the RNA-Seq transcriptome database of perennial ryegrass cv. Nui, most of the 

putative LpCKX and LpRR orthologous sequences in L. perenne were identified. Here, the 

transcript levels of LpCKX4, LpCKX6 and those of the RR genes, LpRR2, LpRR3, LpRR6, 

LpRR10, LpRR12a and LpRR12b were profiled. Generally, strong differences were observed 

in transcript levels of LpCKX and LpRR family members under HN (Fig. 2.12). LpCKX4 and 

LpCKX6 showed the same expression patterns in leaf sheaths: relatively greater expression in 

LN plants and, relative to intact plants, greater expression was induced 48 h after defoliation 

in HN plants (Fig. 2.12a,b). The transcript level of LpCKX4 was significantly greater in HN 

leaf sheaths relative to intact plants 48 h after defoliation (Fig. 2.12a).  In roots, significant 

LpCKX4 induction was observed in LN and HN plants 48 h after defoliation (Fig. 2.12a).  

All of the six LpRR family members showed similar expression patterns in leaf sheaths. In 

comparison with intact plants, increases in RR transcript abundances were displayed in leaf 

sheaths of HN plants 48 h after defoliation, whereas no significant differences were displayed 

in leaf sheaths of LN plants (Fig. 2.12c-h). In roots, transcript levels of LpRR were greater in 

both LN and HN conditions 48 h after defoliation (Fig. 2.12c-h). A decrease in LpCKX and 

LpRR expression was displayed in both leaf sheaths and roots of plants following the 6 h 

glucose treatment (Fig. 2.13). Expression of LpCKX4, LpCKX6, LpRR2, LpRR6, LpRR10, 

LpRR12a and LpRR12b were strongly reduced in roots by 1% glucose (Fig. 2.13 a,b,c,d,e,f,h). 
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Fig 2. 2 Expression of putative LpCKX  and LpRR in L. perenne. Plants were grown at 

either 0.05 mM (LN) or 5 mM (HN) NO3
- , and then defoliated (or left intact).   

Each data point is normalized against reference genes eEF-1α and GAPDH. Values are 

means ±SEM (n=3, pools of five plants each). *denotes significantly different means between 

intact plants (grey bars) and defoliated plants (black bars) (* P<0.05, ** P<0.01). 
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Fig 2. 3 Effects of glucose addition on putative CKX and RR gene expression in L. 

perenne grown in 5 mM NO3
-, 48 h after defoliation.   

Each data point is normalized against reference genes eEF-1α and GAPDH. Values are 

means ±SEM (n=3, pools of five plants each). *denotes significantly different means between 

mannitol (grey bars) and glucose (black bars) treatment (* P<0.05, ** P<0.01, ***P<0.001). 
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2.4 DISCUSSION 
An understanding of the mechanisms linking C/N balance to N uptake and assimilation is 

vital for optimizing plant growth in the real-world scenario of defoliation by grazing followed 

by N-fertilizer addition. As shown in several studies, the fructan pool in elongating leaf bases 

and sheaths may be severely depleted to sustain regrowth following the removal of 

photosynthetically active tissues in grasses such as L. perenne (Morvan-Bertrand et al. 1999; 

Morvan-Bertrand et al. 2001). Here, by experimentally defoliating plants to interfere with 

C/N balance and by ‘repairing’ this with exogenous glucose supplementation, the dynamic 

relationships between the carbohydrate status of the plant and the nitrate-responsive uptake 

system, transporter gene expression and assimilation were uncovered. These results confirm 

and extend previous studies (Louahlia et al. 1999) by showing that NO3
- HATS and LATS 

uptake changes in response to the rapid and large shift in carbon status induced by defoliation. 

The role of cytokinins in the regulation of changing C/N balance in response to defoliation 

was explored at the whole plant level. The results are discussed in relation to internal C/N 

balance under defoliation  

2.4.1. Nitrate uptake and assimilation rely on labile carbohydrate availability 

As expected, during the first 48 h of regrowth following defoliation, significant differences in 

both regrowth rate and regrowth biomass were observed when plants were grown under low 

nitrate (LN) or high nitrate (HN) supply, showing that N availability has effects on regrowth 

during the very early stages following defoliation (Fig. 2.4a,b). Consistent with previous 

studies (Louahlia et al. 2008; Roche et al. 2016), long term N-limitation led to a significant 

accumulation of fructans in both roots and shoots relative to N-sufficient plants, which is 

important in the context of this study (Fig. 2.5). Two days after defoliation, severe fructan 

depletion occurred in both roots and leaf sheaths of HN plants. However, in LN plants this 

depletion was only significant in roots, and was incomplete. Efficient regrowth following 

defoliation, therefore, requires balanced pools of stored C for energy, cell biosynthesis and C 

skeletons for nitrate reduction together with stored N. In contrast, sufficient N in HN plants 

stimulates remobilization of the available fructan pool in leaf sheaths, providing the required 

energy and C skeletons for regrowth. These observations imply carbohydrate remobilization 

to support regrowth occurs in an N-dependant manner.  

The regulation of root nitrate uptake by C metabolites from photosynthesis has previously 

been demonstrated by diurnal stimulation of NO3
- uptake. It has been established that sugars 

transported from shoots to roots play an important role in this diurnal stimulatory effect 
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(Rideout and Raper Jr 1994; Delhon et al. 1996; Lejay et al. 1999). Using defoliation as a 

treatment in the present study allowed us to reveal the response of root NO3
- uptake to 

changes in endogenous C. During the first hour following defoliation, the immediate 

depletion of the fructan pool was observed in roots of HN plants, with 58% reduction in 

LMW WSC and 63% reduction in HMW WSC relative to intact plants (Fig. 2.5b). This 

immediate remobilization of the fructan pool in HN roots was associated with a rapid and 

significant stimulation of root NO3
- uptake rate (Figs 2.5b & 2.7a). Given that there is a 

substantial amount of sucrose in phloem immediately after defoliation (Morvan-Bertrand et 

al. 2001), this stimulation of root NO3
- uptake is mostly likely attributed to the initial increase 

in sucrose followed by fructan remobilization in roots, suggesting an instantaneous response 

of root NO3
- uptake to C availability. By contrast, 48 h after defoliation, NO3

- low- and high-

affinity uptake decreased following a severe depletion of the fructan pool, irrespective of N 

status in plants (Figs 2.5 & 2.7). Interestingly, a relatively greater fructan remobilization in 

HN leaf sheaths than in LN leaf sheaths led to a much stronger repression of nitrate uptake 

rate in HN plants than in LN plants, implying that NO3
- uptake is a carbon-dependent process. 

These observations strongly suggest a rapid regulation of root NO3
- uptake by C metabolites 

at the whole plant level, which is consistent with the idea that photosynthate supply is closely 

balanced with mineral uptake and assimilation (Lejay et al. 1999; Coruzzi and Zhou 2001; 

Nunes-Nesi et al. 2010).  

2.4.2. NO3
- assimilation is regulated by the C-N balance. 

According to Scheurwater et al (2002), the intact shoot of the eight grasses they tested is the 

predominant site for nitrate reduction. This can be explained by that when leaves in fully 

saturating light, nitrate assimilation in roots is inefficient because sugar (e.g. sucrose) has to 

be synthesised, transported to roots and respired in order to generate ATP and NAD(P)H for 

N assimilation (Nunes-Nesi et al., 2010). The results also support this tissue specific N 

assimilation regulated by local C availability. With relative high C availability in HN roots 1 

h after defoliation, NO3
- uptake was induced instantaneously compared to intact plants (Fig. 

2.7a). This induction of nitrate uptake in HN roots was concomitant with stimulation of 

LpNR1 and LpNRb transcript in HN roots (Fig. 2.9b, d). Given that light was non-saturating 

for young expanding leaf tissue in immediately defoliated plants because they were shaded 

by the sheath, it was suggested that relative greater proportion of NO3
- was assimilated 

locally in HN roots during the first hour after defoliation. In the days (48 h) after defoliation, 

however, when root carbon was reduced in HN plants and the young leaves were emerged 
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relatively more N was allocated to shoots compared with intact plants, thereby stimulating 

shoot growth (Fig. 2.5d & 2.7d). This was concomitant with changes in the transcript levels 

of nitrate reductase genes. In HN plants, the transcript of LpNR and LpNiR in leaf sheaths was 

induced following the strong carbon remobilization in roots, whereas LpNR and LpNiR 

expression showed a repression in roots. These results suggested a shift in nitrate assimilation 

from roots to shoots when root carbon availability was reduced, implying the regulation of 

tissue-specific N assimilation by local C availability (Fig. 2.5c, d & 2.9).  

With low N status associated with high C/N, the transcripts of LpNR and LpNiR genes were 

more abundant in roots compared with leaf sheaths (Fig. 2.5c, d & 2.9). It is suspected that in 

low NO3
- condition, roots with high C/N had sufficient carbohydrate to assimilate most of the 

acquired NO3
- into amino acids locally, and thus little N was allocated to shoots in LN plants, 

thereby potentiating root growth and foraging. Interestingly, 48 h after defoliation, the 

significant C remobilization in LN roots was accompanied by a strong induction of LpNR and 

LpNiR expression in roots, whereas there was no change in the fructan pool and the 

expression of LpNR and LpNiR in leaf sheaths (Fig. 2.5c, d & 2.9). These observations imply 

a mechanism that signals the availability of C metabolites for NO3
- uptake and assimilation at 

the whole plant level. Within tissues, where stored C is available, it is apparent that NO3
- is 

assimilated locally. 

Given that the WSC content per mg DW was similar in leaf sheaths and roots (Fig. 2.5), and 

root fractions were much greater than shoot in LN plants, this study confirms that when leaf 

N is deficient more C is exported to roots whereas less C is delivered to roots when high leaf 

N promotes shoot growth  (Bloom et al. 1993). The perturbation of C/N balance by 

defoliation was likely a stimulus for root growth in LN plants, but for shoot growth in HN 

plants. This conclusion is consistent with the report by Morvan-Bertrand et al. (2001) that 

leaf elongation rate in defoliated L. perenne plants grown in non-limiting N level was 

significantly greater than that of intact (non-defoliated) plants during the early regrowth stage. 

2.4.3. HATS and LATS regulation at the transcriptional level in response to changing 

C/N ratio 

Four NRT families have been characterized to be involved in nitrate uptake in Arabidopsis 

(Tsay et al. 2007). Among them, NRT1 and NRT2 are regarded as the main components 

controlling the high-affinity (HATS) and low-affinity (LATS) transport systems that function 

at low (<250 µM) or high (>1 mM) nitrate levels, respectively (Siddiqi et al. 1990; Tsay et al. 
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1993; Huang et al. 1999a; Wang et al. 2012b). In this study, as expected, the expression of 

LpNRT2.1b was significantly repressed in HN plants 48 h after defoliation, coinciding with 

reduced NO3
- uptake activity (Fig. 2.7b & 2.8b). Interestingly, within 1 h of defoliation, the 

increased expression of LpNRT2.1b in HN roots (P=0.06) also coincided with the 

instantaneous induction of NO3
- uptake activity (Figs 2.7a & 2.8b). This is consistent with 

observations that regulation of root NO3
- uptake is correlated with changes in transcript levels 

of NRT2.1 in response to N and C treatment (Zhuo et al. 1999; Lejay et al. 2003). Conversely, 

but as expected, this was not the case in LN status plants which showed lower reductions in 

NO3
- uptake rate following defoliation relative to HN plants, with only small increases in 

LpNRT2.1b expression (Figs 2.7b & 2.8b). This discrepancy between nitrate uptake and 

transporter expression was apparent in LN 48-h defoliated plants following 1-h incubation in 

5 mM NO3
-. Indeed, the regulation of high-affinity nitrate uptake is complicated in low 

nitrate conditions. This result is consistent with previous studies showing that large and rapid 

increases in HATS uptake in low NO3
- conditions are not accompanied by increased 

AtNRT2.1 expression (De Jong et al. 2014). One possible interpretation for the discrepancy 

between NRT2.1 transcript and nitrate uptake involves the potential for post-transcriptional 

regulation of existing transporter levels and activity, for example by phosphorylation 

(Laugier et al. 2012; Wang et al. 2012a).  

In the hydroponic system, it was expected that HATS and LATS transcript levels would be 

dominant in LN and HN plants, respectively. Indeed, as expected, the baseline transcript 

abundance of LpNRT2.1a and LpNRT2.1b were generally much greater than other 

transporters in LN plants, while the transcript levels of LpNRT2.1a and LpNRT2.1b were 

extremely low in HN plants with 1-h incubation in either 0.05 mM or 5 mM NO3
-, relative to 

those under LN conditions (Figs 2.8a,b). This confirms previous evidence in other plant 

species that NRT2.1 is generally down-regulated when N levels are high (Vidmar et al. 2000; 

Okamoto et al. 2003; Santi et al. 2003). Despite their very low presence, LpNRT2.5 and 

LpNRT2.7 displayed a similar expression pattern to LpNRT2.1a/LpNRT2.1b, suggesting these 

two putative transporters may play a role in the HATS (Fig. 2.8c,d).  

LpNAR2.1 and LpNRT2.1a/2.1b showed a similar transcript profile, with expression being 

much higher in LN plants than that in HN plants (Fig. 2.8e). These observations are 

consistent with the proposal that AtNAR2.1 is essential to the function of AtNRT2.1 in HATS 

(Okamoto et al. 2006; Orsel et al. 2006). 
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Although the transcript levels of LpNRT1.1 were relatively quite low, the observation that 

transcript abundance contrasts with those of the two putative HATS (LpNRT2.1a and 

LpNRT2.1b), with each being generally higher in HN conditions than that in LN conditions, 

suggests that the putative NRT1.1 may play an important role in the LATS (Fig. 2.8f). Unlike 

LpNRT1.1, other LpNRT1 genes, LpNRT1.2, 1.3, 1.4 and 1.5, showed extremely low, but 

constitutive expression patterns in treatments, suggesting these putative NRT1 genes might be 

less sensitive to changing N conditions. 

2.4.4. Exogenous glucose rescues the reduced nitrate uptake rate in defoliated plants at 

the physiological and molecular level 

Exogenous glucose supply for 6 h to HN plants largely restored LMW WSC levels in roots, 

which appears to have relieved the C-limitation on NO3
- uptake and assimilation (Fig. 2.10a). 

The NO3
- uptake rate in defoliated plants supplemented with glucose returned to a level 

considerably greater than that in plants maintained in 5 mM but without glucose supply. In 

contrast, application of 1% mannitol had no impact on LATS uptake compared to plants kept 

in 5 mM NO3
-, confirming the carbohydrate-dependence of nitrate uptake as described above 

(Figs 2.7b & 2.10c). Interestingly, increasing C availability in roots was correlated with a 

decline in NO3
- transportation to leaf sheaths, which supports my observations of C and N 

interactions in nitrate uptake and metabolism (Fig. 2.10b,d). 

Following 1% glucose application, the NO3
- uptake rescue was closely correlated with the 

transcript level for LpNRT2.1b, which is assumed to be the major player in nitrate high-

affinity transport (Fig. 2.10c,f). This suggests strongly that there is regulation operating at the 

transcriptional level. In plants, glucose and sucrose have been found to regulate the 

expression of genes involved in metabolism and nutrient uptake (Li et al. 2006b; Lejay et al. 

2008). Up-regulation of AtNRT2.1 by sugars is not attributed to well-established specific 

sucrose or glucose sensing, although it relies on hexokinase [HXK]-mediated down stream of 

C metabolism in glycolysis (Sheen et al. 1999; Lejay et al. 2003; Rolland et al. 2006). As 

shown by De Jong et al. (2014), a glucose-regulated expression of AtNRT2.1, independent of 

nitrate-mediated mechanisms, can operate through HEXOKINASE1-mediated oxidative 

pentose phosphate pathway (OPPP) metabolism. 
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2.4.5. Cytokinin is involved in the regulation of N acquisition and assimilation in 

response to changes in C/N 

N availability in soil and N demand in plants is communicated between the root and shoot to 

optimize plant growth and development (Forde 2002b; Ruffel et al. 2014). Cytokinins have 

been proposed as candidate signalling molecules relaying N status between the root and shoot 

(Kudo et al. 2010; Ruffel et al. 2011). It was shown here that the cytokinin content of HN-

status plants is greater than that in plants of LN status. In contrast, but functionally relevant, 

the expression of CKX was generally lower in HN plants (Figs 2.11 & 2.12). This is 

consistent with the observations that N supply leads to cytokinin accumulation in roots, 

xylem sap and shoots in maize (Takei et al. 2001b), suggesting that cytokinin serves to signal 

N availability from the root to shoot (Sakakibara et al. 2006). After defoliation under HN, a 

decrease was observed in the tZ-type cytokinin in the leaf sheaths and the iP-type cytokinin 

in the roots which was associated with increased CKX expression (Figs 2.11 & 2.12a,b). 

Interestingly, 1% glucose addition in defoliated HN plants induced iP and iPR accumulation 

in leaf sheaths and roots which was associated with a significant decline in expression of 

LpCKX4 and LpCKX6 in roots, implying that iP-type cytokinin might signal the availability 

of C and N metabolites in plants (Figs 2.11 & 2.12a,b).  

By contrast, cZ-type cytokinins increased in the HN leaf sheaths, as did expression of the 

LpRRs 48 h after defoliation (Figs 2.11 & 2.13). Considerable amounts of cZ-type cytokinins 

have been found previously in, for example, rice (Izumi et al. 1988), maize (Veach et al. 

2003) and ryegrass (Izumi et al. 1988; Veach et al. 2003; Roche et al. 2016). Several studies 

have demonstrated that cZ-type cytokinins can bind to cytokinin receptor kinases (CHKs), 

and activate the signalling cascade in plants (Yonekura-Sakakibara et al. 2004; Romanov et 

al. 2006; Lomin et al. 2011). The maize receptor ZmHK1 and rice receptors, OsHK3 and 

OsHK4, showed a similar binding affinity for cZ compared to tZ- and iP-type cytokinins 

(Yonekura-Sakakibara et al. 2004; Lomin et al. 2011; Choi et al. 2012). Additionally, cZ up-

regulated the expression of a subset of rice response regulator family members (Kudo et al. 

2012), and a maize response regulator (Yonekura-Sakakibara et al. 2004) with comparable 

activity to tZ. In this context, it is possible that the LpRRs could be responding to the cis-

cytokinins with the downstream activation of N assimilation in the leaf sheaths. Consistently, 

while cZ-type cytokinins content declined, LpRR expression was reduced in roots following 6 

h of 1% glucose addition (Figs 2.11 & 2.13). However, this decline of cZ also occurred in 

plants with 1% mannitol treatment (Fig. 2.11). The decreased cZ content under 1% mannitol 
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treatment was not consistent with salt or osmotic stress which is suggested to induce cZ 

(HavlovA et al. 2008; Vyroubalová et al. 2009; Macková et al. 2013). As the LpRR 

expression decreased under glucose treatment but not under mannitol treatment, a cytokinin 

response to mannitol is not supported. Taken together with the increased NO3
-
 uptake rate, 

fructan levels and RR gene profiles under glucose treatment, the glucose supplement does 

indeed appear to cause a cytokinin response via its impact on carbon.  

2.5. SUMMARY  

In conclusion, the results of these experiments provide clear evidence that the rapid and large 

shifts in carbon storage triggered by defoliation had significant impact on nitrate uptake in an 

N-status dependent manner. Further, the evidence is provided that cytokinins are implicated 

as a possible coordinator of C and N metabolism and acquisition at the whole plant level. In 

addition to carbon, root development is another important factor that determines N uptake 

efficiency. In the following two chapters, how root system architecture responds to different 

N sources is investigated and the functional significance of root traits in N uptake is assessed. 
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Chapter 3-A comprehensive analysis of root morphological changes in 
Brassica napus in response to different nitrogen forms 
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3.1. INTRODUCTION 
Root system architecture (RSA) is the three-dimensional arrangement of the root system, 

comprising aspects of root topology, morphology and distribution. This is shaped by the 

intrinsic genetic background in the plant species and environmental cues under field 

conditions (Lynch 1995; Malamy 2005). Root systems display a considerable degree of 

plasticity during plant development and growth in terms of elongation, branching and spacing 

to cope with fluctuating environments. In other words, plant root plasticity is a consequence 

of plant perception and integration of environmental messages into root development 

(Novoplansky 2002; Magyar et al. 2007). The overall RSA is modulated by not only local 

nutrient availability that elicits local signalling, but also the internal nutrient status of the 

plant that elicits systemic signalling (Giehl et al. 2014). To date, it has been established that 

N availability in the soil could elicit extremely sophisticated and complex responses in the 

root system (Krouk et al. 2011). Apart from their direct nutritional effect, some nutrient 

molecules can also function as signals which control plant development, for example nitrate, 

glutamate and phosphate (Mart�n et al. 2000; Sakakibara et al. 2006; Forde and Walch-Liu 

2009; Ho et al. 2009a; Krouk et al. 2010).  

Nitrate (NO3
-) is a major nitrogen form used in agricultural systems. It has been shown to 

have a significant impact on RSA. By using a split root system in Arabidopsis, it has been 

established that localized NO3
- supply stimulates lateral root (LR) growth rate but not lateral 

root initiation (Zhang and Forde 1998). LR elongation in a localized nitrate-enriched zone 

may be stimulated by the nitrate ion itself rather than assimilated products of nitrate, 

suggesting that a nitrate sensing pathway regulating root response is independent of  its 

nutritional effects (Zhang et al. 1999). However, another study in Arabidopsis showed that 

localized nitrate supply induces LR initiation and elongation (Linkohr et al. 2002). These 

discrepancies could be explained by the differences in plant genotypes and experimental 

conditions. The stimulating effect on LR branching by localized nitrate is regulated by the 

ANR1 gene, a member of the MADS-box family of transcription factors in plants. NRT1.1, a 

dual nitrate transporter, has also been identified to trigger preferential lateral root growth in 

response to localized nitrate supply (Remans et al. 2006). Apart from the LR response to 

external nitrate, LR branching is feedback-regulated by intrinsic N status of the plant. Several 

studies have suggested that LR development is suppressed by nitrate accumulation in shoots 

that then triggers a systemic signalling response (Scheible et al. 1997; Zhang et al. 1999). 

Although the mechanism for long distance signalling remains unknown, several studies have 
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proposed that plant hormones may be recruited for long distance signalling from the shoot to 

modulate LR outgrowth in response to external nitrate supply, such as cytokinins, auxin and 

abscisic acid (ABA) (Signora et al. 2001; Forde 2002a; Walch-Liu et al. 2006a; Kiba et al. 

2011). While local NO3
- supply stimulates LR elongation, another important N source, 

ammonium (NH4
+), can induce LRs initiation and higher-order LR branching, suggesting  

distinct RSA responses to different nutrients (Lima et al. 2010).  

In addition to inorganic N resources, organic N, including protein and amino acids, may 

provide N for plant growth. A high-affinity transporter, LYSINE HISTIDINE 

TRANSPORTER (LHT) has been identified  in Arabidopsis (Hirner et al. 2006; Xu et al. 

2012). Among the amino acids, L-glutamate is noteworthy due to its specific modulation of 

root growth and branching. It was found that root development specifically responded to the 

presence of external L-glutamate, implying a specific sensory mechanism for L-glutamate in 

plants (Sivaguru et al. 2003; Walch-Liu et al. 2006b). Although a family of Glu receptor-like 

genes (GLR) has been proposed as potential candidates for a Glu sensor in Arabidopsis, the 

underlying mechanism is still unknown (Walch-Liu and Forde 2007).  

Improving N utilization efficiency is a priority to maintaining food production while 

alleviating the deleterious environmental effects of N. In this context, a comprehensive 

investigation of how root system architecture responds to variation of nitrogen supply is 

essential for further improving NUE. In this study, using a plate-culture system, the 

comprehensive morphological changes in root system architecture in response to different N 

sources and a wide range of N concentrations was investigated in Brassica napus. In parallel, 

the impact of N sources on RSA was also investigated in Lolium perenne using a germination 

paper culture system.  Unfortunately, the paper system was not able to be successfully 

adopted in the time available due to technical difficulties ( see Appendix 2), and so a decision 

was made to focus this analysis on B. napus.  

3.2. PLANT MATERIAL AND METHODS  

3.2.1. B. napus growth and treatments 

Forage brassica, B. napus cv. Greenland, seeds were sterilized with 70% (v/v) ethanol for 5 

min, then with 0.5% SDS for 15 min, and then rinsed five times in sterile water. Surface 

sterilized B. napus seeds were germinated in petri dishes (120 × 120 mm) containing N-free 

½ x  MS medium (Caisson Laboratories, USA) for 24 h in the dark at 22 °C, and then 
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transferred to light for 24 h. The nutrient composition of ½ x  MS medium is available at the  

online website of Caisson Laboratories, USA. The pH of treatment solutions was maintained 

at 6.0. Two days after germination, uniform seedlings were selected and transferred to a 

transparent plate with a hole on the top on solid MS medium containing different nitrogen 

sources (KNO3, (NH4)2SO4  and glutamate) or without nitrogen as control. The seedlings 

were treated with NO3
- (0.5, 5 and 10 mM), NH4

+ (0.5, 5 and 10 mM) and glutamate (0.01, 

0.05 and 0.1 mM). To achieve the desired N concentrations, KNO3 (0.5, 5 and 10 mM), and 

(NH4)2SO4 (0.25, 2.5 and 5 mM) were applied to the medium, respectively.  In order to avoid 

disruption from light, the traditional phytogel plate-culture system was improved by making a 

hole on one side of each plate and covering the whole surface of the plate with aluminium 

foil, so that the emerging shoots were not in direct contact with the medium and the roots 

were shielded from the light (Fig. 1a, b). The plates were placed vertically in a growth 

chamber at 22 °C under a 16/8 h photoperiod. 

3.2.2. Morphometric analyses of exploratory root system 

At Day 8 after transfer to ½ x  MS medium with different N sources (10 dpg), root length, 

lateral number, lateral root density, root angle and root exploration area were analysed using 

RootNav (Pound et al. 2013). Shoot and root dry weights were subsequently measured. The 

lateral root density (LRD) is defined as the number of emerged LRs per unit length within the 

root branching zone (the zone that extends from the shoot base to the youngest emerged LR 

(Dubrovsky and Forde 2012)). The convex hull area [i.e. the area that encompasses all root 

material belonging to a given plant as defined by Pound et al. (2013)] was measured using 

RootNav, and is referred to as the root exploration area. The root growth angle is defined as 

the angle of emergence of the first LR, calculated relative to the primary root to which it is 

attached (Pound et al. 2013).  

3.2.3. Statistical analysis 

For morphometric analysis of roots grown in different N treatments, 20 independent 

seedlings per treatment were tested and the values presented are the mean ± SE. Statistical 

analyses were performed on GraphPad Prism statistical software version 7.00. Differences 

between means were tested for significance using ANOVA. Tukey’s multiple comparisons 

test was used in the analysis. 
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3.3. RESULTS 

3.3.1. High-throughput 2-D root system architecture phenotyping platform 

RSA is a complex developmental trait involving many signals. In order to avoid the light-

induced morphological and physiological response affecting the whole plant growth, an 

existing solid agar vertical-plate system were modified to allow roots to be shielded from 

light without sucrose addition and the emerging shoot to be grown without direct contact with 

medium, thereby mimicking more closely the environmental conditions in nature (Fig.3.1A, 

B). For root phenotyping, a 2D vertical plate system coupled with the recently developed 

package RootNav was used in this study (Pound et al. 2013). A flatbed scanner was used to 

non-destructively acquire images of seedling roots grown on an agar surface (Fig. 3.1C). 

Once captured, the images were analysed efficiently by RootNav (Fig. 3.1D). To evaluate 

this root software, the result obtained 20 manually measured architectures by RootNav and 

Image J was compared. The comparison demonstrated that RootNav is an efficient, user-

friendly and accurate tool for high-throughput RSA phenotyping analysis (Fig. 3.2).  
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 (A) and (B): The phytogel-plate culture system for studying root growth of B. napus. (A) 

Side view of the plate. (B) Vertical plates with the whole surface covered with aluminium 

foil. (C) and (D): An image of a B. napus root growing on phytogel captured by flatbed 

scanner (C) and analysed by RootNav (D).  
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A	 B	
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Fig 3. 1 High-throughput 2-D root system architecture phenotyping platform. 
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Fig 3. 2 The comparison of primary root length and total root length in B. napus 

measured by RootNav and Image J, respectively. 

To assess the accuracy of RootNav, 10-days-old B. napus seedlings grown in N-free medium 

were analysed using RootNav and Image J, respectively. Values are mean ± SE of 20 plates 

with one seedling per plate.  
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3.3.2. Morphological responses of B. napus root system architecture to NO3
- 

In the growth conditions, visible LR development started at Day 2 after transfer (4 dpg). At 

Day 8 after transfer (10 dpg), the primary root (PR) length, lateral root (LR) density (number 

of emerged LR mm-1 primary root), LR branching zone (the zone that extends from the shoot 

base to the youngest emerged LR), root growth angle, root exploration area (the physical 

square of root occupied in the plates) and root/shoot dry biomass were analysed. Distinct 

differences were observed in the RSA of seedlings treated with different nitrate 

concentrations. Representative examples are shown in Fig. 3.3. Broadly, the seedlings 

supplied with 0.5 mM nitrate appeared to have a wider and more branched root system, while 

the root system of seedlings with 10 mM nitrate exhibited a relatively narrow and less 

branched root system (Fig. 3.3). Quantitatively, total root length, LR density and root 

exploration area decreased with increasing external NO3
- concentrations from 0.5 mM to 10 

mM, confirming the inhibitory effect of high NO3
- concentration (>5 mM) on LR growth (Fig. 

3.4). Interestingly, LR density and total root length were greater in 0.5 mM KNO3 treatments 

than in the 0 mM KNO3 treatments (as controls). In addition, the lateral root branching zone 

was shorter at high NO3
- concentration (10 mM) relative to the other NO3

-treatments. In 

contrast, the root and shoot biomass was much greater in the high NO3
- (5 mM and 10 mM) 

treatments relative to 0.5 and 0 mM NO3
- treatments, while root weight percentage was 

reduced with increasing concentration of NO3
- (Fig. 3.4). However, within these various NO3

- 

treatments, the primary root length and root angle did not change significantly (Fig. 3.4).  
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Fig 3. 3 RSA of representative 10-day-old B. napus seedlings in response to nitrate availability. 

 



67	
	

	

Fig 3.4 The effect of different NO3
- concentrations on B. napus roots 

The effect of different NO3
- concentrations on B. napus primary root length, total root length, 

lateral root branching zone (the zone that extends from the shoot base to the youngest 

emerged LR), lateral root density (number of emerged LR mm-1 primary root), root angle, 

root exploration area (the physical square of root occupied in the plates), shoot and root dry 
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biomass, and root weight percentage (the percentage of root dry weight to total plant dry 

weight), respectively. Values are mean ± SE of 20 plates with one seedling per plate.  

3.3.3. Morphological response of B. napus root system architecture to NH4
+ supply 

Changes in root traits of B. napus seedlings treated with different NH4
+ concentrations were 

observed during an 8 d treatment. Representative examples are shown in Fig. 3.5. 

Quantitatively, with increasing NH4
+ concentration from 0.25 mM to 5 mM, primary root 

length, total root length, LR branching zone, LR density and root exploration area were 

reduced (Fig. 3.6). The root angle did not change significantly in different NH4
+ 

concentrations. In addition, the dry biomass of roots was greater in 0.25 mM NH4
+ treatments 

while the dry biomass of shoots was greater in 2.5 mM NH4
+ treatments. However, the root 

weight percentage was much less in the 2.5 and 5 mM NH4
+ treatments than in the 0.25 mM 

NH4
+ treatment (Fig. 3.6).  
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Fig 3. 5 RSA of representative 10-day-old B. napus seedlings in response to 
NH4

+ 
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Fig 3. 6 The effect of different NH4
+ concentrations on 10-day-old B.napus 

The effect of different NH4
+ concentrations on 10-days B.napus primary root length, total root 

length, lateral root branching zone, lateral root density, root angle, root exploration area, 

shoot and root dry biomass, and root weight percentage, respectively. Values are mean ± SE 

of 15 plates with one seedlings per plate. 
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3.3.4. The morphological responses of B. napus root system architecture to L-glutamate 

After eight days growth, B. napus plants displayed significant differences in root traits 

between treatments with various concentrations of L-glutamate from 0.01 mM to 0.1 mM as 

representative examples show in Fig.3. 7. With an increasing concentration of L-glutamate, 

primary root length, total root length and root exploration area were reduced relative to 

control treatments (0 mM L-glutamate) (Fig. 3.8). LR branching zone was slightly reduced in 

0.05 and 0.1 mM L-glutamate treatments compared to the control, whereas LR density did 

not changed significantly relative to the control, with exception of the 0.05 mM treatment 

(Fig. 3.8). Despite a slight increase in dry biomass of both root and shoot in the highest L-

glutamate concentration (0.1 mM), there was no change observed in root weight percentage 

between these L-glutamate treatments. Similarly, no significant difference in root angle was 

shown across treatments (Fig. 3.8). 
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Fig 3. 7 RSA of representative 10-day-old B. napus seedlings in response to L-glutamate 
supply 
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Fig 3.8 The effect of different L-glutamate concentrations on 10-day-old B. napus 

The effect of different L-glutamate concentrations on 10-day-old B. napus primary root 

length, total root length, lateral root branching zone, lateral root density, root angle, root 

exploration area, shoot and root dry biomass, and root weight percentage, respectively. 

Values are mean ± SE of 15 plates with one seedlings per plate. 
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3.4. DISCUSSION 
To conveniently explore physiological and molecular mechanisms in roots in response to 

environmental signals, cultivation of seedlings in transparent petri dishes with agar has been 

used in numerous previous laboratory experiments. However, as several photoreceptors have 

been shown to express and be active in roots, it is not surprising that exposure of plant roots 

to light induces morphological and physiological response affecting the whole seedling 

(Yokawa et al. 2011; Burbach et al. 2012). Light can stimulate root elongation in Arabidopsis 

roots via root-localized photoreceptors and this induced root elongation may be a root 

response to a light signal (Costigan et al. 2011; Wan et al. 2012). In addition to illumination, 

exposure of plant roots to the sucrose typically used in culture systems also affects root 

growth and response (Lei et al. 2011). Recent studies have confirmed that such cultivation 

systems lead to artificial perturbations in terms of root growth and response to environmental 

signals (Xu et al. 2013; Yokawa et al. 2013; Novák et al. 2015). Novák et al. (2015) reported 

that cultivation in transparent vertical-plates may interfere with nutrient sensing and uptake in 

Arabidopsis. This showed that shading roots by covering petri dishes with a layer of 

aluminium foil reduced the root to hypocotyl ratio and induced root hair elongation relative to 

illuminating roots in transparent petri dishes. The cytokinin receptor AHK3 was reported as 

the major mediator of root to hypocotyl signalling in response to root illumination (Novák et 

al. 2015). In this context, solid media vertical-plate culture system was modified to allow 

roots to be shielded from lights without sucrose addition and the emerging shoot to be grown 

without direct contact with medium, thereby mimicking more closely to the environmental 

conditions in nature. Coupling with the RootNav package, this improved the plate-culture 

system and allowed to investigate RSA plasticity in response to N availability. 

Although similar studies have been reported in model species, such as Arabidopsis, 

comprehensive investigation of modifications of root system architecture in B. napus 

responding to N availability have not yet been presented in detail. N deficiency was shown to 

induce the growth of a more exploratory root system with greater lateral root length in B. 

napus, which is in agreement with the previous findings for Arabidopsis (López-Bucio et al. 

2003). The reason for this effect in the present study was that low nitrate induced greater total 

root length and lateral root density (Fig. 3.4). The application of 0.5 mM NO3
- induced more 

branching in the root system relative to the treatments with higher N concentrations (5 mM 

and 10 mM). This observation is consistent with the findings that addition of 0.55 mM N to 

N-deficient Arabidopsis seedlings resulted in greater total root length and average LR length 
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compared to the addition of higher N concentration (11.4 mM) (Gruber et al. 2013). Gruber 

et al (2013) also reported that primary root length decreased with the increasing the N 

concentration from 0.55 mM to 11.4 mM, but this was not observed in the present study (Fig. 

3.4). Hormones are proposed to be involved in the regulatory mechanisms involved in the 

responses to changing N availability. Under mild N deficiency, the accumulation of auxin in 

non-emerged LR primordia leads to LR growth in Arabidopsis (Krouk et al. 2010). The 

accumulation is associated with up-regulation of the expression of the auxin biosynthesis 

gene TRYPTOPHAN AMINOTRANSFERASE RELATED 2 (TAR2) in the root pericycle cells 

(Ma et al. 2014). In maize, it has been reported that the inhibition of lateral root elongation 

and initiation by high nitrate concentration was associated with decreased IAA levels in roots 

(Tian et al. 2008). From the available transcriptome data for Arabidopsis, it is clear that 

several root development related genes may be induced by N limitation. Both the shootward 

auxin transporter MULTIDRUG RESISTANCE 4/P-GLYCOPROTEIN 4 (MDR4/PGP4) 

and the WALL ASSOCIATED KINASE 4 (WAK4) induce PR and LR growth, and are 

responsive to mild N limitation (Lally et al. 2001; Terasaka et al. 2005). Members of the 

CLAVATA3/ESR-RELATED (CLE) gene family are also involved in the regulation of the LR 

system in response to N deficiency in Arabidopsis. N deficiency stimulated the expression of 

CLE1, 3, 4 and 7 in the root pericycle cells, whereas the overexpression of these genes 

reduced LR growth (Araya et al. 2014). 

Interestingly, total root length and LR density was increased in plants grown under low 

nitrate concentration (0.5 mM) relative to N-free medium, suggesting that plants are able to 

use different strategies in root modification in response to the amount of nitrate (Giehl and 

von Wirén 2014). Several studies reported that the expression of AUXIN RESISTANT (AXR5) 

and ARABIDOPSIS CRINKLY 4 (ACR4), which are involved in LR formation, are down-

regulated under severe N limitation, suggesting the reduction of LR formation under severe N 

deficiency (Yang et al. 2004; De Smet et al. 2008). These results indicated that LR 

production and development are behaviours which combine not only genetic variations but 

also environmental factors (Ruffel et al. 2011). The effective root exploration area decreased 

with the increasing NO3
- concentration, which means N deficiency led to greater exploratory 

area by roots. These data are consistent with the greater total root length and LR density 

observed in low NO3
- treatments.  

As expected, sufficient N stimulated shoot growth, with dry biomass being considerably 

greater in 5 mM and 10 mM NO3
- treatment than in 0 and 0.5 mM NO3

 treatments (Fig. 3.4).  
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Although N deficiency elicited a root system that proliferated more and had longer lateral 

roots that could explore more unavailable nutrient resource, the dry biomass of roots was 

much less than in the N sufficient treatments. It is clear that low N stimulates thinner and 

longer LRs to account for the economic trade-off between nutrient acquisition and utilization. 

This is consistent with observations in maize that low nitrogen stress decreased the size of 

cortex and stele, resulting in much thinner crown roots (Gao et al. 2015). The proportion of 

biomass allocation occupied by roots, however, was greater in low NO3
- treatment relative to 

high NO3
- treatments (Fig. 3.4), reflecting the fact that plants invested more resources in their 

roots when nutrient uptake from the environment was limited (Paul and Driscoll 1997; 

Scheible et al. 1997; Martin et al. 2002). These observations suggest that plants are able to 

cope with N shortage by modifying the allocation of resource to root and root system 

architecture to efficiently explore the limited nutrients in the soil. The molecular mechanisms 

by which plants respond to N limitation by biomass allocation have previously been 

investigated. Analysis of Arabidopsis microarray data showed that N limitation induced 

transcriptional changes in genes that are involved in the accumulation of sugars and starch 

(including starch metabolism, glycolysis and disaccharide metabolism) in shoots and the 

increased translocation of sucrose to the root. (Scheible et al. 1997; Scheible et al. 2004). 

Sugars mat be involved in the regulatory mechanism influencing carbohydrate partitioning 

between source and sink tissues in response to N deficiency (Fischer et al. 1998).  

Root elongation was suppressed with increasing concentration of (NH4)2SO4. The primary 

root length was greater in low (NH4)2SO4 supply (0.25 mM) relative to high (NH4)2SO4 

supply (2.5 mM and 5 mM), a finding which is in agreement with previous observations that 

high ammonium concentration may arrest primary root development (Li et al. 2010b; Liu et 

al. 2013). The total root length and lateral root density were also largely reduced in 5 mM 

(NH4)2SO4, suggesting that LR elongation and branching were inhibited by high NH4
+ 

concentration. Unlike the effect of NO3
- on biomass allocation,  the dry biomass of roots in 

low NH4
+  was much greater than in high NH4

+, while shoot biomass was much less in high 

NH4
+ condition relative to low NH4

+, demonstrating  the toxic effect of high NH4
+ on plant 

metabolism and flow-on effects on plant growth (Givan 1979; Britto and Kronzucker 2002; 

Krupa 2003).  Taken together, these results indicated that NH4
+ toxicity usually leads to a 

stunted root system in most plants, whereas a low concentration of NH4
+ is an optimal 

nitrogen resource for plant growth (Kronzucker et al. 2000; Kronzucker et al. 2001; Balkos et 

al. 2010).  
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Glutamate plays a critical role in amino acid metabolism in plants. The regulation of root 

growth and development by glutamate is independent of its nutritional role (Walch-Liu and 

Forde 2008; Forde and Walch-Liu 2009). Previous studies have reported that only 

micromolar amounts of exogenous L-glutamate can inhibit primary root growth in 

Arabidopsis (Walch-Liu et al. 2006a). Similarly, in B. napus, increasing the concentration of 

L-glutamate from 0.01 mM to 0.1 mM suppressed primary root length, whilst the LR 

branching zone did not change in the different L-glutamate treatments (Fig. 3.8), possibly 

explaining why the LR density was slightly increased in the high L-glutamate treatment (0.1 

mM). Total root length and root exploration area, however, was reduced in the relatively high 

L-glutamate conditions. These results suggested that L-glutamate even at micromolar level 

could arrest primary root growth and LR branching in plants. Several studies suggested that 

the effect of L-glutamate on root development is highly specific. No similar effects were 

observed with the structurally related amino acids aspartate, ɤ-aminobutyric acid (GABA) 

and D-glutamate (Walch-Liu et al. 2006). This effect on PR growth was occurred only when 

the root tip directly contacted with L-glutamate (Walch-Liu et al. 2006). These evidences 

suggest that L-glutamate could serve as an external signal to regulate root development and 

growth. Although the mechanism underpinning L-glutamate signalling is still unknown, it has 

been proposed that the mGluR family is prabobly involved in sensing glutamate in plants 

(Forde and Lea 2007).  

3.5 SUMMARY  

Using RootNav to capture information on RSA from B. napus displayed the convenience and 

effectiveness of the tool. The PR length and total root length results were consistent with the 

manual measures using Image J. Root analysis using RootNav was found to be much easier 

and faster than manual methods that produced similar results, demonstrating that RootNav is 

applicable, accurate and user-friendly in high-throughput RSA phenotyping analysis. 

Coupling with the RootNav package, the improved plate-culture system allowed an 

investigation of RSA plasticity in response to N availability. This high-throughput 2-D RSA 

phenotyping platform provided a chance to investigate the functional significant of root 

system architecture in B.napus. By using the improved plate culture system and RootNav tool, 

this study provided a systematic comparison of root system plasticity in response to different 

N forms and concentrations. This should provide basic understanding which is necessary for 

improving nitrogen use efficiency in forage brassica breeding.  
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In conclusion, external N availability induced changes in the overall root morphology, with 

root elongation decreasing under an extremely N impoverished environment, but increasing 

under relatively mild N deficiency (for both NO3
- and NH4

+). This implies that plant roots can 

finely employ different strategies to cope with N availability. The results in this chapter 

confirm that plants alter root system architecture in response to N availability. In the 

following chapter, I extend this analysis by assessing the functional significance of 

differences in RSA in terms of their impact on N uptake.  
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Chapter 4- Insights into the functional relationship between cytokinin-
induced root system phenotypes and nitrate uptake in Brassica napus 
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4.1. INTRODUCTION 
In the agricultural system, nitrate (NO3

-) is the major form of applied nitrogen (Miller and 

Cramer 2005). As plants acquire NO3
- though roots from the soil, root system architecture 

and uptake capacity are the main determinants of N acquisition efficiency (Kiba and Krapp 

2016). Root system architecture (RSA) is described by the rate of growth, angle within the 

soil and type and placement of individual roots contributing to the root system. In broad 

terms, the root system can be divided into the exploratory root system, comprising primary 

roots (PRs), and the exploitative root system, comprising lateral roots (LRs) and root hairs. 

Lateral roots are fully post-embryonic events co-ordinated by intrinsic genetic background 

and environmental cues, reflecting a plastic plant adaptation to environmental variation (Péret 

et al. 2009; Giehl et al. 2014). Overall root morphology is affected by both exogenous 

nutrient availability and the internal nutrient status of the plant (Giehl and von Wirén 2014). 

Taking nitrogen as an example, low N availability may induce a greater exploratory root 

system with longer PR and LRs in order to increase root foraging for nutrients (Linkohr et al. 

2002; López-Bucio et al. 2003; Gruber et al. 2013). In contrast, with a heterogeneous NO3
- 

supply, LR elongation may be induced by local NO3
- availability within a NO3

--containing 

patch, whereas the growth of lateral roots in N limited patches may be repressed by systemic 

signals reporting the N status within the plant (Zhang and Forde 1998; Remans et al. 2006; 

Ruffel et al. 2011). The modification of RSA, controlled by co-ordinating local nitrate signals 

and systemic signals, enables plants to forage for sparingly available resources with more 

efficiency (Zhang et al. 1999; Forde 2002a). In terms of root function, fine roots (crucial for 

the acquisition of soil resources in perennial plants) can be divided into two classes: 

absorptive fine-roots and transport fine-roots (McCormack et al. 2015). Absorptive fine-roots 

are the distal roots which function in water and nutrient acquisition and uptake, whilst 

transport fine roots represent the higher-order branching roots that are involved in anchoring 

the plant to the soil and which also fulfil transport functions (McCormack et al. 2015). In this 

context, a comprehensive understanding of root morphology and functionality is needed to 

achieve the greatest impact on improving NUE.  

Cytokinins negatively regulate PR elongation and LR formation (Medford et al. 1989; 

Hewelt et al. 1994; Li et al. 2006a). Cytokinins can exert a significant impact on RSA by 

antagonising auxin in the root meristem during early embryogenesis (Del Bianco et al. 2013). 

Application of exogenous cytokinins or overexpression of the bacterial gene ATP/ADP 

isopentenyltransferases (IPT) in Arabidopsis, which controls the rate-limiting step of 
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cytokinin biosynthesis, can lead to inhibited root growth and reduced root meristem activity 

(Ioio et al. 2007; Kuderová et al. 2008). In contrast, cytokinin deficiency, achieved by 

overexpression of cytokinin oxidase/dehydrogenase (CKX), may induce greater root meristem 

activity (Werner et al. 2003; Ioio et al. 2007). In addition, higher order ipt mutants and higher 

order signalling ahk mutants have been shown to induce root growth and branching (Higuchi 

et al. 2004; Miyawaki et al. 2006). However, it has been established that cytokinins mediate 

the rate of meristematic cell differentiation at the transition zone (TZ) to determine root 

meristem size via the cytokinin two-component signalling pathway (Ioio et al. 2007). 

Furthermore, plants may recruit hormone signals regulating RSA in response to 

environmental cues, including NO3
-. Using a split-root experimental framework, a NO3

--

cytokinin relay has been proposed to mediate a shoot-root systemic N signal controlling LR 

growth (Ruffel et al. 2011). This indicates that a cytokinin modulation of lateral root 

organogenesis, together with a cytokinin-nitrate feedback loop, attenuates nitrate uptake in 

response to N satiety (Ruffel et al. 2011; Marhavý et al. 2014).  

In addition to RSA, NO3
- uptake ability is also a major determinant of plant nitrate 

acquisition. NO3
- levels in the soil can fluctuate by more than four orders of magnitude 

(Crawford and Glass 1998). Consequently, plants have evolved two types of membrane 

transport systems to cope with fluctuations in soil nitrate, one involving high-affinity 

transporters (HATS), and the other involving low-affinity (LATS) transporters. The HATS 

operate at low external nitrate levels (<250 µM), whereas LATS operate at high external 

nitrate concentrations (>1 mM) (Siddiqi et al. 1990;Tsay et al. 1993; Huang et al. 1999a). 

Nitrate uptake kinetics determine the rate of NO3
- absorption by a localized root segment. In 

maize, nitrate uptake kinetics depends on root class (seminal, lateral, crown, or brace), plant 

age and nitrate deprivation time (York et al. 2016).  

Michaelis-Menten kinetics are generally used to define root nutrient uptake capacity. The 

Michaelis-Menten kinetic parameters, Vmax and Km, describe the relationship between uptake 

rate and external NO3
- concentration. This mathematical expression is based on the 

assumption that transporters (enzymes) are actively involved in the NO3
- uptake process. 

Genes that encode nitrate transporters have been identified and constitute two families: NRT1 

and NRT2. Among them, NRT1.1/CHL1 and NRT1.2, and three NRT2 transporters, NRT2.1, 

NRT2.2 and NRT2.4, have been identified as molecular components of nitrate uptake in roots 

(Tsay et al. 1993; Huang et al. 1999a; Kiba et al. 2012; Wang et al. 2012b). In addition, 

several NRT transporters are involved in the regulation of long-distance NO3
- transport 
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between roots and shoots (Wang and Tsay 2011b; Han et al. 2016). It has been confirmed 

that NRT1.5 is responsible for nitrate loading into the xylem while NRT1.8 is responsible for 

NO3
- removal from the xylem sap (Lin et al. 2008a; Li et al. 2010a).  

This study investigated functional aspects of RSA with respect to N acquisition and internal 

resource investment in Brassica napus. Forage brassica cultivars are grown in a wide range 

of environments as a supplement for grazing animals when ryegrass growth is limited during 

early summer to late winter due to drought and low temperature (de Ruiter et al. 2009; 

Hampton et al. 2012). Brassica napus provides the main supply of nutrients in winter for 

grazing cows and sheep in New Zealand agriculture (Hampton et al. 2012). I first 

characterized morphological and molecular phenotypes induced by exogenous cytokinin and 

antagonist treatments. The compound PI-55 [6-(2-hydroxy-3-methylbenzylamino) purine] is 

structurally close to 6-benzylaminopurine (BA), and can competitively inhibit the binding 

activity of natural trans-zeatin to the Arabidopsis cytokinin receptors CRE1/AHK4 through 

substitutions at specific positions within the aromatic side chain of BA (Spíchal et al. 2009). 

This mechanism allows us to pharmacologically generate morphological and molecular 

phenotypes of functional interest. 

Using the improved culture system and the high-throughput 2-D RSA phenotyping platform, 

I assessed the relationship between RSA (composed of primary roots and lateral roots) and N 

uptake, by determining the nitrate uptake rate, N translocation from root to shoot, C 

allocation and the expression of nitrate transporter genes. The hypothesis is that the 

phenotypes with contrasting root traits in the pharmacological treatments would lead to 

functional differences in relation to N acquisition. 

 

4.2. MATERIAL AND METHODS  

4.2.1. Plant materials  

Forage brassica, Brassica napus cv. Greenland, seeds were sterilized with 70% ethanol for 5 

min, then with 0.5% SDS for 15 min, followed by five rinses in sterile water. Surface 

sterilized B. napus seeds were germinated in Petri dishes (120 × 120 mm) containing normal 

½ MS (Caisson Laboratories, USA ) for 24 h in the dark at 22 °C, and then transferred to a 

growth chamber under 16/8 h photoperiod for 24 h. The germinated seedlings were selected 

and transferred into plates containing phytogel-solidified ½ MS containing either PI -55 (0.05, 
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1 or 10 µM), BA (0.005, 0.1 or 1 µM), or a combination of both. A phytogel-plate culture 

system for studying root growth and response of Brassica napus was developed by making 

two holes on one side of each plate and covering the whole surface of the plates with 

aluminium foil, so that the emerging shoots were not in direct contact with the medium and 

the roots were shielded from the light. All the treatments were supplied with KNO3 (1 mM) 

as sole N source. The plates were placed vertically in a growth chamber at 22 °C under 16/8 h 

photoperiod. 

4.2.2. Morphometric analyses of exploratory root system 

A 2D vertical plate system coupled with the recently developed package RootNav was used 

to analysis root phenotypes (Pound et al. 2013). A flatbed scanner was used to non-

destructively acquire images of seedling roots grown on the phytogel surface. Once captured, 

the images were analysed by RootNav 

4.2.3. Net K15NO3 uptake and isotope analysis and carbon content measurement 

B. napus seedlings were grown in plates containing phytogel-solidified 1/2	x  MS containing 

either 10 uM PI -55, 1 uM BA, or a combination of both. The plant growth medium was 

supplemented with KNO3 (15N atom %: 0.8%) for measurement of net uptake of nitrate. Plant 

samples were harvested at 24, 48, 72 and 96 h after treatment, respectively. At sampling time, 

seedlings were rinsed with 0.1 mM CaSO4 for 1 min. Shoots and roots were separated, and 

freeze dried for 3 d. Total N and 15N in the samples harvested at each time point (24, 48, 72 

and 96 h) were determined with an isotope ratio mass spectrometer (Waikato University, 

New Zealand). The calculation was used as described by Hayes (2004). The cumulative 15N 

uptake was calculated as 15N content obtained by roots over 96 h of treatments. The 15N 

uptake rate after 96 h was averaged rate over the entire 96 h and calculated as nmol h-1. root 

cm-1.  

The total C content in both roots and shoots of the samples harvested at 96 h after treatments 

was measured by Waikato University, New Zealand. The percentage of C distribution in 

roots was determined as the proportion of C content in roots to that in the total plants (roots 

and shoots).  
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4.2.4. Michaelis-Menten kinetics experiment 

B. napus seedlings were grown in plates containing phytogel-solidified ½ MS containing 

either 10 uM PI -55, 1 uM BA, or a combination of both. All treatments were supplied with 

0.01, 0.05, 0.1, 1 or 5 mM KNO3 (15N atom %: 0.8%) as sole nitrogen source. The 

experiment was repeated three times independently. Each experiment included 10 plates per 

treatment, and each replicated plate included two seedlings. All the plates were placed 

vertically in a growth chamber at 22 °C under 16/8 h photoperiod. After 96 h, seedlings were 

rinsed with 0.1 mM CaSO4 for 1 min. Shoots and roots were separated, and freeze dried for 3 

d. Total N and 15N in the samples were determined with an isotope ratio mass spectrometer 

(Waikato University, New Zealand). The Michaelis-Menten parameters were obtained by 

GraphPad Prism statistical software version 7.00. 

4.2.5. RNA isolation and cDNA synthesis 

For gene expression analysis, total RNA was extracted from up to 100 mg of frozen samples 

using RNase Plant Mini Kit (Qiagen, Germany), following the manufacturer’s protocols. 

Then total RNA was incubated in DNase I Set (Qiagen) before integrity and quality checking 

by running on a 1% (w/v) agarose gel. The concentration and purity of the total RNA was 

determined using a NanodropTM spectrophotometer. Up to 1 µg of isolated total RNA , 100 

pmol random primers, 50 pmol oligo (dT) primers and 50 U Expand Reverse Transcriptase 

(Roche, Germany) were used in 20 µl reactions for cDNA synthesis. The final 20 µl reaction 

mix was incubated at 25°C for 10 min, then 42°C for 1 h, and then at 70°C for 15 min to 

inactivate the reaction.  The cDNA was diluted 10-fold with nanopure water and stored at 

-20°C. 

4.2.6. Gene isolation and sequence analysis  

Sequences of candidate target gene family members in B. napus were determined through 

BLAST searching the NCBI database and an RNA-seq transcriptome database using prfect 

BLAST 2.0 software (Song et al. 2015).  

4.2.7. Quantitative RT-PCR 

Specific PCR primers were designed for each family member of the target genes using Primer 

Premier 6.20. Whenever possible, primer pairs were designed to span at least one intron to 

avoid/detect genomic contamination. In most cases, four primer pair combinations were 

designed and the best one was chosen for gene expression analysis. Primer sequences for 

reference genes and target genes are shown in Table S7 in Supplementary data.  
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The relative expression levels of NRT gene family members were determined using RT-qPCR. 

A volume of 15 µl was used for all qPCR reactions containing 1 µl of 10-fold diluted cDNA, 

the relevant primers and home-made SYBR Green master mix, in a Rotor-Gene Q real-time 

PCR machine (Qiagen, Germany). PCR products were Sanger sequenced to confirm 

homology to genes which are already identified in NCBI gene databases. Three technical 

replicates for each of three biological replicates were carried out for each sample set. Relative 

expression (fold change) of each target gene was corrected using the geometric means of two 

housekeeping genes from B. napus, elongation factor (eEF-1α) and GAPDH, and calculated 

using the 2- ∆∆Ct method as described in previous studies (Schmittgen and Livak 2008; Song et 

al. 2015). 

4.2.8. Statistical analysis 

For morphometric analyses of RSA, values are the mean ± SE of 30 plates with two seedlings 

per plate. For N and 15N content, and gene expression analysis, three biological replicates, 

each comprising a pool of 20 seedlings, were tested and values are the mean ± SE. For C 

content analysis, values are the mean ± SE of n=6 experiments, with each experiment 

including 4 plates with 2 seedlings per plate. Statistical analyses were performed on 

GraphPad Prism statistical software version 7.00. Differences between means were tested for 

significance using ANOVA. Tukey’s multiple comparisons test was used in the analysis. 

 

 

4.3. RESULTS 

4.3.1. Effect of PI-55 and BA on the exploratory root system 

Changes in root branching and elongation were examined for 2-day-old seedlings grown in 

phytogel-solid medium containing 1 mM KNO3 with various BA or PI-55 concentrations (Fig. 

4.1). The primary root length and total root length showed a declining trend relative to 

controls (1 mM KNO3) with an increase in PI-55 concentration from 0.05 µM to 10 µM. BA 

treatments showed a similar pattern as the concentration of BA increased from 0.005 to 1 µM 

(Fig. 4.1A). The lateral root (LR) number decreased significantly in the 10 µM PI-55 

treatment while the LR number decreased significantly in all the BA treatments relative to 

control (Fig. 4.1B). The lateral root branching density (LRD) in this study is defined as the 

number of emerged LRs per unit length within the root branching zone (the zone that extends 
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from the shoot base to the youngest emerged LR) (Dubrovsky and Forde 2012). LRD was 

greater in the 10 µM PI-55 treatment than the control, whereas increasing the BA 

concentration significantly reduced LRD (Fig. 4.1B). In order to obtain the most contrasting 

phenotypes in root length and LRD, 10 µM PI-55 and 1 µM BA were chosen as the optimal 

pharmacological concentrations for the N uptake study. 
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Dose responses to PI-55 and BA treatments of B. napus roots. After 96 h of the treatments, (a) 

primary and total root length, and (b) lateral root number and lateral root density (LBD) were 

measured in B.napus grown on phytogel plates with a homogeneous supply of 1 mM KNO3. 

LR density is the number of emerged LRs per unit length within the root branching zone (the 

zone that extends from the shoot base to the youngest emerged LR). Values are mean ± SE of 

30 plates with 2 seedlings per plate. Bars with different upper case letters denote means that 

are significantly different within the measurements of PR length and LR number, respectively 

(P<0.05). Bars with different lower case letters denote means that are significantly different 

within the measurements of total root length and LR density, respectively (P<0.05). 

 

 

In the plants grown in the medium containing 1 mM 15N-labelled KNO3 with 10 µM PI-55, 1 

µM BA or a combination of both, changes in the PR length, total root length and LRD were 

investigated after 24, 48, 72, 96 h of treatment (Fig. 4.2). During the first 24 h, the elongation 

of the primary root was significantly inhibited by PI-55, BA and the combination treatments 

compared to control (1 mM KNO3
-)  (Fig. 4.2A). Lateral roots appeared at 48 h. After 96 h, 

the inhibition of PR length and total root length by PI-55 and BA was pronounced (Fig. 4.2A 

and B). LR density was slightly increased by application of PI-55 relative to controls, 

whereas LR density was reduced in BA treatment after 96 h (Fig. 4.2C). In order to access the 

exploration efficiency of RSA, the convex hull of RSA was measured using RootNav and 

defined as root exploration area in this study. Consequently, the specific root exploration area 

(calculated as cm2 per mg root dry weight) was reduced in both the PI-55 and BA treatments 

relative to control (Fig. 4.2C). This significant difference in the extent of the exploratory root 

system between control and treatments enabled an investigation of the functional relationship 

between root system architecture and nitrate uptake in B. napus.  

To investigate the effect of the changes in root morphology on C allocation to the roots, the 

relationship between percentage C allocated to roots and total root length was analysed and 

this showed an exponential relationship (Fig. 4.2D). The percentage of total C allocated to 

roots and the shoot/root carbon ratio are shown in Supplementary Figures (Fig. S6). The dry 

weight of shoots and roots was reduced in the BA treatments relative to PI-55 and control 

Fig 4. 1 Dose responses to PI-55 and BA treatments of B. napus roots 
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treatments (Fig. S7). The N content of the shoots in the PI-55, BA and the combination 

treatments was reduced relative to the control, whereas the N content in the BA- treated roots 

was only slightly decreased relative to those in PI-55 and control treatments (Fig. S7). 

 

 

  

 

 

 

 

 

	

Fig 4. 2 Effects of PI-55 and BA on root growth and C allocation in B.napus during 96 h 

of growth with a homogeneous supply of 1 mM KNO3. 

(A), (B) Time-course of response of of primary root length and total root length.  (C)  Impact 

of PI-55 and BA on LR density and specific root exploration area after 96 h. (D) The 
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relationship between total root length and the percentage of whole plant C allocated to roots. 

LR density is the number of emerged LRs per unit length of the root branching zone (the 

zone that extends from the shoot base to the youngest emerged LR). Specific root exploration 

area is referred to as root exploration area (the convex hull obtained from RootNav) per unit 

dry weight, and calculated as cm2 per mg root dry weight. Values are mean ± SE of 30 plates 

with two seedlings per plate. In panel (A), (B) and (C), values are mean ± SE of 30 plates 

with two seedlings per plate. In panel (D), the data points comprise the analysis in plants with 

the control and pharmacological treatments for 96 h, each treatment running 6 replicates and 

each replicate including 4 plates with 2 seedlings per plate. In panel (C), bars with different 

upper and lower case letters denote means that are significantly different within the 

measurements of LR density and specific root exploration area, respectively (P<0.05).  

 

 

 

4.3.2. The relationship between root architecture and 15N uptake in plants 

In order to assess the relationship between RSA and N uptake, N uptake was measured using 
15N isotopically labelled NO3

- during the 96 h of pharmacological treatments (Fig. 4.3). 

Based on the measurements of 15N and root system components every 24 h, a logarithmic 

relationship was established between the 15N content in plants and the total root length (Fig. 

3A). It was shown that after 96 h, 15N content was significantly reduced in the PI-55 

treatment compared to control (1mM KNO3), and this reduction in 15N accumulation was 

pronounced in treatments with a combination of PI-55 and BA, and BA. To better understand 

the functional relationship between root structure and N uptake, 15N uptake rate (determined 

as nmol h-1 cm -1 root length) was measured after 96 h. The results revealed that BA-treated 

seedlings, which had the the smallest root systems, had the highest 15N specific uptake rate, 

whereas the control plants, which had largest root systems, had the lowest 15N specific uptake 

rate (Fig. 4.3B). Consequently, the relationship between 15N uptake rate and total root length 

was found to be negative (Fig. 4.3C). In addition, 15N uptake rate per unit root length was 

negatively correlated with specific root area (Fig. 4.3D). 
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Fig 4. 3 15N uptake analysis in B. napus after 96 h of treatment. 

 (A) Relationship between 15N cumulative uptake (at 24, 48, 72 and 96 h, respectively) and 

total root length (measured at 24, 48, 72 and 96 h, respectively). (B) Impact of PI-55 and BA 

on 15N uptake rate per unit root length (The 15N uptake rate was averaged rate over the entire 

96 h and calculated as nmol h-1. root cm-1). (C) Relationship between total root length and 15N 

uptake rate per unit root length. (D) Relationship between 15N uptake rate and specific root 

exploration area. In panel (a), (c) and (d), each point represented a pool comprising 10 plates 

with two seedlings per plate. In panel (c) and (d), the data points comprise the analysis in 

plants with the control and pharmacological treatments for 96 h. In panel (B), vertical bars 

indicate mean ± SE of n=3 experiments, where each experiment included 10 plates with two 

seedlings per plate. Bars with different lower case letters denote means that are significantly 

different (P<0.05). 
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To investigate how effective cumulative N content or N metabolism was in terms of resource 

investment and distribution in roots proliferated, daily root elongation was examined over the 

time course. The daily root elongation of plants treated with BA was much less relative to PI-

55 and control treatments over 96 h, consistent with the previous results for total root length 

(Fig. 4.4A and Fig. 4.2). There was an exponential relationship between daily root elongation 

and 15N acquisition by plants during the previous 24-h period (Fig. 4.4B). This positive 

correlation suggests that root proliferation is associated with the N status of the plant. 

 

 

 

 

 

 



93	
	

	

Fig 4. 4 Response of daily root elongation and 15N accumulation in PI-55 and BAP 

treated B. napus seedlings. 

(A) Daily root elongation over 96 h. (B) Relationship between daily root elongation and 15N 

content in the whole plant (measured during the 24-h period before root elongation was 

determined). Vertical bars indicate mean ± SE of n=3 experiments, with each experiment 

including 10 plates with 2 seedlings per plate. Values are mean ± SE of 30 plates with two 

seedlings per plate. In panel (A), bars with different lower case letters denote means that are 

significantly different (P<0.05). In panel (B), the data points comprise the analysis in plants 

with the control and pharmacological treatments. 
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4.3.3. Correlation between root to shoot ratio and 15N uptake  

In order to investigate the value of root investment in terms of N uptake, the root and shoot 

biomass were estimated, and the correlation between root/shoot ratio and 15N cumulative 

uptake. Under treatments with the same amount of nitrate (1 mM), root/shoot biomass ratio 

was greater in PI-55 and control treatments compared with BA treatment and the combination 

of PI-55 and BA treatments (Fig. 4.5A). The 15N cumulative uptake was positively correlated 

with root/shoot biomass ratio (r=0.92, P<0.0001), suggesting a strong positive correlation 

between root investment and function in terms of N uptake (Fig. 4.5B). 
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Fig 4. 5 The effects of PI-55 and BA on root/shoot ratio and the relationship between 

R:S ratio and 15N uptake in B. napus. 

The effects of PI-55 and BAP on root/shoot biomass ratio (A) and the relationship between 

root/shoot ratio and 15N uptake of roots (B) in plants grown for 96 h. In panel (B), the data 

points comprise the analysis in plants with the control and pharmacological treatments for 96 

h. Vertical bars indicate mean ± SE of n=3 experiments, with each experiment including 10 

plates with 2 seedlings per plate. 
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4.3.4. Expression of nitrate transporter genes (BnNRT) and BnPHO1 genes 

I investigated whether the changes in 15N uptake induced by PI-55 and BA were associated 

with transcriptional regulation of nitrate transporters. Consistent with the changes in N uptake, 

PI-55 treated plants, with reduced cumulative N uptake, showed less expression of BnNRT2.1 

relative to control plants after 96 h (Fig. 4.6A). The greatest reduction in BnNRT2.1 was 

observed in the BA treatment where less cumulative N was measured relative to control 

plants. The expression of another important transporter gene in nitrate uptake, BnNRT1.1, 

displayed a different pattern to BnNRT2.1, with greater expression of BnNRT1.1 in PI-55 than 

in the control. However, the expression of BnNRT1.1 was inhibited by BA and the 

combination of PI-55 and BA treatments (Fig. 4.6B).  

The expression of nitrate transporters involved in NO3
- translocation from root to shoot was 

also examined. BnNRT1.5, responsible for loading NO3
- into xylem, showed a similar 

expression pattern to BnNRT1.1, with greater expression in response to PI-55 treatment and 

reduced expression in response to BA and the combination of treatments in comparison to the 

control (Fig. 4.6C). In contrast, the expression of BnNRT1.8, a nitrate transporter responsible 

for unloading NO3
- from the xylem, was up-regulated by BA treatment and slightly repressed 

by PI-55 relative to the control (Fig. 4.6D).  BnPHO1a and BnPHO1b showed similar 

expression patterns to BnNRT1.1, being greater in both the PI-55 and control treatment 

relative to the BA treatment (Fig. 4.6E and F). 

 



97	
	

	

Fig 4. 6 Expression of BnNRT2.1, BnNRT1.1, BnNRT1.5, BnNRT1.8, BnPHO1a and 

BnPHO1b in B. napus roots after 96 h.   

Vertical bars indicate mean ± SE of n=3 experiments, with each experiment including 10 

plates with two seedlings per plate. Bars with different lower case letters denote means that 

are significantly different (P<0.05). 
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4.3.5. Nitrate uptake kinetics  

In order to determine nitrate uptake kinetics among the different root architectures, Brassica 

seedlings from the various pharmacological treatments were supplied with 15N isotopically 

labelled NO3
- at concentrations ranging from 0.01-5 mM (Fig. 4.7). Cumulative 15N content 

(calculated as µg g-1 DW) and 15N uptake during 96 h of treatments (calculated as nmol h-1 

cm-1 root length) increased with increases in external NO3
- concentration according to 

Michaelis-Menten kinetics, indicating the capacity for nitrate uptake in roots saturated at high 

N. Km and Imax values were calculated (Fig. 4.7A and B) and NO3
- uptake kinetics varied 

among different RSAs induced by the pharmacological treatments. Maximum total N uptake 

per unit dry weight (Imaxdw) values of 325.8, 225.9, and 186.0 µg g-1 DW were determined in 

PI-55, the combination of PI-55 and BA, and BA treatments, respectively. Control plants 

without pharmacological treatment displayed a Imaxdw of 464.8 0 µg g-1 DW (Fig. 4.7A). 

Together with total root length, the maximum uptake rate per unit root length (Imaxrl) was 

estimated. Imaxrl varied among different RSAs induced by the pharmacological treatments, 

with the greatest Imaxrl being 312.7 nmol cm-1 root length observed in RSA induced by BA 

treatment and the slowest Imaxrl being 76.09 nmol cm-1 root length observed in control roots. 

Root systems induced by PI-55 and the combination of PI-55 and BA treatments exhibited 

values of 179.4 and 227.9 nmol h-1 cm-1 root length , respectively (Fig. 4.7B). 
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Fig 4. 7 Fitted Michaelis-Menten curves for 15N uptake in B. napus roots in response to 

PI-55 and BAP treatment over 96 h. 

Vertical bars indicate mean ± SE of n=3 experiments, where each experiment included 10 

plates with two seedlings per plate. Imaxdw and Imaxrl represented Imax on a dry weight and root 

length basis, respectively. Estimated Imaxdw,  Imaxrl and Km values (± SE) for each curve are also 

shown.  
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4.3.6. Relationships between roots and 15N uptake in a wide range of N concentrations. 

In order to further dissect the relationships between structural and functional adjustments 

induced by pharmacological treatments, the quantity of 15N translocated from roots to shoots 

was investigated systematically (Fig. 4.8B). The percentage of 15N translocated from roots to 

shoots varied from 8.6% to 44.7% with changes in external nitrate concentration. A 

significant relationship was observed between cumulative 15N uptake and translocation from 

roots to shoots. With increasing external NO3
- concentration from 0.01 mM to 5 mM, the 

slopes of this positive relationship increased, being greatest in 5 mM NO3
- and least in 0.01 

mM NO3
- (Fig. 4.8B). Cumulative 15N uptake was correlated with specific root exploration 

area under various external nitrate concentrations (Fig. 4.8A). In addition, the transcripts 

levels of BnNRT2.1 in the different phenotypes induced by the pharmacological treatments 

were strongly associated with the total root length (Fig. 4.8C). 
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Fig 4. 8 Relationship between cumulative 15N uptake and (A) specific root exploration 

area, and (B) 15N translocation from root to shoot in B. napus 

Relationship between cumulative 15N uptake and (A) specific root exploration area, and (B) 
15N translocation from root to shoot, in PI-55 and BA-treated seedlings with differing 

external concentrations of NO3
-. (C)  Relationship between BnNRT2.1 expression and total 

root length. Vertical bars indicate mean ± SE of n=3 experiments, where each experiment 

included 10 plates with two seedlings per plate (the error bars of the two lowest points in C 

are smaller than the symbols). 
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4.4. DISCUSSION  
In this study, BA induced a RSA phenotype with shorter PR, reduced LR density and reduced 

total root length, indicating that the application of BA significantly inhibited LR formation 

and elongation (Fig. 4.2). These data are consistent with results showing that treatment with 

BA led to strong inhibition of root growth and LR formation in 10-day old Arabidopsis 

seedlings (Laplaze et al. 2007). The underlying mechanism could be that cytokinin disrupts 

an auxin gradient that is required for lateral root primordia formation, via perturbation of 

PIN-mediated polar auxin transport (Benková et al. 2003; Laplaze et al. 2007; Marhavý et al. 

2014). In addition, exogenous application of the cytokinin receptor antagonist, PI-55, induced 

a root phenotype with increased LR density but reduced root elongation, supporting its 

function in supressing activity of endogenous cytokinin (Spíchal et al. 2009). This is in 

agreement with findings that treatment with 10 µM PI-55 may lead to increased LR 

primordia and emerged LRs in 7 and 12 day-old seedlings of pea (Long et al. 2012). 

However, as shown with my data, and also with in Arabidopsis (Spíchal et al. 2009), a 

combined treatment of 10 µM PI-55 and 1 µM BA was found to partially, but not completely, 

reverse the effect of exogenous application of BA on lateral root branching.  

The significant changes in root branching in these phenotypes allowed this study to 

investigate the functional significance of RSA in terms of N uptake. Exogenous application 

of BA led to a reduction in biomass and carbon allocation to the roots (Fig. 4.2C, S6 and S7). 

As N concentration in the culture medium was the same in these treatments (1 mM KNO3), it 

can be assumed that the changes in root architecture induced by PI-55 and BA were 

associated with perturbation of C allocation to roots. Interestingly, a significant correlation 

between root elongation and C allocation to roots was observed (Fig. 4.2D), confirming that 

root growth is largely dependent on C availability in the root. This is consistent with the 

observation that root elongation rate and branching is positively related with local sugar 

concentration (Freixes et al. 2002). Although cytokinins are proposed to be involved in 

affecting the allocation of C to the root, it may be possible that cytokinins impeded N 

metabolism and thereby impaired C allocation in root tissue. It was also found that cytokinin 

signalling is involved in C partitioning between root and shoot in response to perturbation in 

the C/N balance by defoliation in Lolium perenne (Chapter 2).  

These results show clearly that in BA-treated seedlings, or seedlings treated with the 

combination of PI-55 and BA, the decrease in their LR formation and root growth is 

accompanied by a dramatic reduction in total 15N uptake relative to PI-55 and control 
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seedlings. Despite the greater LR density in PI-55-treated seedlings, total 15N uptake was less 

than in control seedlings, which possessed lower LR density and longer LR length, reflecting 

the important role that root elongation has in increasing the total absorbing surface for 

nutrient acquisition. In terms of functional differences in RSA, I observed an exponential 

relationship between total root length and cumulative N uptake, confirming a major 

contribution of LR outgrowth to the ability of a plant to explore and exploit resources in the 

soil. Interestingly, the root/shoot biomass ratio was positively correlated with cumulative N 

uptake under these treatments (Fig. 4.5), suggesting a functional utility of the investment into 

roots in term of nutrient uptake. This root investment for resource acquisition in the soil is 

affected by metabolic costs and benefits (Lynch 2013). 

N uptake rate per unit of root length showed a contrasting trend to that of cumulative N 

uptake (Fig. 4.3B), with BA-treated seedlings having the smallest root system but the greatest 

N uptake rate per unit of root length, implying a compensatory mechanism in regulating root 

N uptake. This compensatory effect in root segments is suggested to be associated with 

nitrate transporter NRT2.1 expression (Lemaire et al. 2013). In my study, however, the 

smaller root systems in the BA-treated plants had the lowest expression of BnNRT2.1, which 

is consistent with the conclusion that cytokinin down-regulates the expression of nitrate 

transporter NRT2.1 genes (Brenner et al. 2005; Kiba et al. 2011). Moreover, PI-55 partially 

relieved the repression of BnNRT2.1 expression by BA. Given that all plants received the 

same amount of N resource supplied during the experiment (1 mM KNO3), another possible 

conclusion is that the decrease in the N uptake efficiency per unit root length in plants with 

greater root branching may result from an increase in competition among individual lateral 

roots in terms of nutrients and water acquisition. This would have the effect of reducing N 

uptake efficiency per unit root length. These results are consistent with previous findings 

from functional-structural plant model system simulations of maize root architecture 

development with various lateral root branching densities and contrasting root architectures 

(Postma et al. 2014; Dathe et al. 2016). These support a negative correlation between 15N 

uptake efficiency and specific root exploration area (root exploration area per unit dry 

weight). Fig. 4.3D clearly shows a linear decline in 15N uptake rate per unit root length with 

increasing root specific exploration area, demonstrating that there is strong competition 

among lateral roots of the same plant. The shift in the relative amount of 15N uptake by each 

root fraction suggests a trade-off between N uptake efficiency and root growth, which is in 

accordance with earlier studies (Berntson 1994).  
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It was also found that the kinetics of NO3
- uptake varied among the treatments, with Imax 

being greatest for root systems in the BA treatment (Fig. 4.7B). This response was consistent 

even under varying concentrations of external nitrate from 0.01 mM to 5 mM, demonstrating 

the functional importance of variation in root phenotypes to nitrate uptake kinetics. Several 

studies have investigated N uptake plasticity by measuring nitrate uptake rate of different 

grass species grown in uniform soil or in a heterogeneous nitrate patch (Van Vuuren et al. 

1996; Fransen et al. 1999). However, these studies lack an assessment of the functional 

importance of nitrate uptake kinetics. York et al. (2016) reported that Vmax has greater effect 

on plant growth than Km, and increasing Vmax of nitrate uptake in localized root segments is 

associated with largely induced shoot growth from functional-structural plant model system 

simulations of maize root architecture development (York et al. 2016). These demonstrate a 

potential for targeting the plasticity of nitrate uptake kinetics in crop breeding research. High 

Vmax and low Km has been proposed as an ideotype for nitrate acquisition from soil (Lynch 

2013).                                                                                                                                               

After 96 h of treatment, the expression of BnNRT1.1 was greater under PI-55 treatment, while 

the expression of BnNRT2.1 decreased (Fig. 4.6A and B).  NRT1.1 has been proposed to act 

as a NO3
- sensor and to play an important role in NO3

-signalling in developmental processes 

governing root growth (Zhang et al. 1999; Remans et al. 2006; Ho et al. 2009a). Plants 

recruit cytokinin for shoot-root communication of plant N status. Ruffel et al. (2011) have 

proposed that a NO3
--CK relay enables plants to efficiently control root growth to regulate 

plant N economics (Ruffel et al. 2011). Taken together, the application of exogenous 

cytokinin and its antagonist in B.napus provides evidence supporting the notion that NRT1.1 

is implicated in mediating NO3
--dependent cytokinin biosynthesis (Takei et al. 2004a; Kiba et 

al. 2011).  

In Arabidopsis, AtPHO1 has been identified by genome-wide association mapping to be 

associated with changes in allometry of lateral roots, and to mediate root development 

through interactions with nitrate and hormonal signalling (Rosas et al. 2013). Here, I found 

the expression of BnPHO1a and BnPHO1b was greater in PI-55 and control treatments which 

possessed greater root growth and root branching relative to BA-treated plants. This supports 

the role of BnPHO1 in mediating lateral root plasticity, as reported by Rosas et al. (2013) in 

Arabidopsis. Given that PHO1 is mainly localized to the root vascular tissues and primarily 

functions to export phosphate into the xylem vessels of roots (Hamburger et al. 2002), the 
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reduction in BnPHO1 expression under BA treatment may be partly explained by a decrease 

in phosphate acquisition due to the feedback of low N availability in the plants.  

4.5. SUMMARY  

In conclusion, by using a pharmacological approach, evidence is provided that the 

modification of RSA through disruption of endogenous cytokinin signalling is correlated with 

N uptake, with greater root proliferation in PI-55 treated and control plants leading to greater 

cumulative N uptake. However, considering the overall C cost and resource investment, this 

increased root proliferation did not bring much benefit in terms of plant growth because of 

increasing competition between individual lateral roots which resulted in reduced N uptake 

efficiency per unit root length. This could partly explain why, in the long-term, fertilised and 

unfertilised plants in the field do not display differences in final root length and proliferation 

(Gabrielle et al. 1998). This investigation of varying root traits and their impact on N uptake 

has shown that root proliferation in response to external N is a behaviour which integrates 

local N availability and the systemic N status of the plant. This integration is, at least in part, 

regulated by cytokinin signalling.  
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5.1. THESIS OBJECTIVES AND KEY RESULTS 

This thesis attempted to address three major questions. There are listed below along with a 

summary of key results: 

      1. In L. perenne, how does nitrate uptake respond to two independent but coinciding 

metabolic demands on carbon: defoliation and nitrate addition? 

• Nitrate uptake relies on labile carbohydrate availability in plants  

• Nitrate assimilation is regulated by the C/N status of the plant 

• Nitrate transporters LpNRT2.1 and LpNRT1.1 are regulated at the transcriptional level 

in response to changing C/N status. 

• Cytokinin is involved in the regulation of N acquisition and assimilation in response 

to changes in C/N balance. 

      2. In B. napus, how does root system architecture respond to different N forms and 

availability? 

• Root traits displayed distinct morphological changes in response to different nitrogen 

sources.  

      3. What is the functional significance of root system architecture in terms of N uptake? 

• Cytokinin and the cytokinin antagonist PI-55 can induce contrasting root phenotypes 

in B. napus  

• 15N uptake was strongly related to the contrasting root traits induced by cytokinin and 

PI-55. Large root proliferation led to greater 15N cumulative uptake rather than greater 
15N uptake rate per unit root length.  

• The functional relationship between RSA and 15N uptake was associated with changes 

in C and N resource distribution between the shoot and root. 
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5.2	GENERAL	DISCUSSION	OF	RESULTS		

5.2.1	C/N	control	of	N	uptake	and	assimilation		

Carbon metabolism provides energy and C skeletons for N assimilation and incorporation 

into essential molecules such as amino acids, proteins and nucleic acids. It is not surprising 

that N uptake is not only determined by external N availability and internal N status in plants, 

but also by the availability of C metabolites from photosynthesis (Delhon et al. 1996; Forde 

2002a). To cope with a wide range of environmental factors, plants recruit a complex 

regulatory and signalling network, and undergo morphological and metabolic responses to 

maintain their C/N balance.  

The regulation of root nitrate uptake by C metabolites from photosynthesis has previously 

been demonstrated by diurnal stimulation of NO3
- uptake. It has been established that sugars 

transported from shoots to roots play an important role in this diurnal stimulatory effect 

(Rideout and Raper Jr 1994; Delhon et al. 1996; Lejay et al. 1999). In the forage grass, L. 

perenne, defoliation and subsequent regrowth both impact C partitioning, thereby creating a 

significant point of interaction with soil N availability. The dramatic shift in C/N metabolic 

partitioning resulting from defoliation and regrowth in Lolium has the potential to reveal 

insights into the integration of C/N assimilation in plants that are otherwise not possible to 

observe in dicotyledonous species. Thus, using defoliation as an experimental treatment, this 

project showed high- and low-affinity NO3
- uptake were reduced within 48 h in an N-

dependent manner in response to the rapid and large shift in carbohydrate remobilization 

triggered by defoliation (Fig. 5.1). This reduction in NO3
- uptake was rescued by an 

exogenous 1% glucose supplement, confirming the carbohydrate-dependence of NO3
- uptake. 

Furthermore, the transport of NO3
- from root to shoot, and its subsequent assimilation, 

appears to be regulated by the C-N condition of the plant, implying a mechanism that signals 

the availability of C metabolites for NO3
- uptake and assimilation at the whole-plant level. 
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Fig 5. 1 A summary model depicting early responses to defoliation in L. perenne. 

In L. perenne grown in high nitrate conditions, high- and low-affinity NO3
- uptake is 

repressed in an N-dependent manner in response to a rapid and large shift in fructans 

triggered by defoliation. Nitrate assimilation in shoots is induced by fructan remobilisation to 

stimulate regrowth of shoot. Cytokinin plays a role in regulation of nitrate uptake and 

assimilatory genes in response to C availability.  
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At the molecular level, several genes that encode nitrate transporters in the roots have been 

found to be regulated by the products from photosynthesis in the shoots. Interestingly these 

genes are generally reported to be responsive to N. For instance, NRT1.1,  NRT2.1 and 

NRT2.4 have been reported to be responsive to both carbon and nitrogen treatments (Lejay et 

al. 1999; Lejay et al. 2003; Kiba et al. 2012). In my study, nitrate transporter genes 

LpNRT2.1 and LpNRT1.1 were responsive to the perturbation of plant C/N balance (Fig. 5.1). 

These suggest the general existence of interactions between carbon and nitrogen signalling in 

plants. However, the molecular elements involved in the cross-talk between carbon and 

nitrogen signalling remain unclear. In Arabidopsis, TOR and SnRK1 kinases have been 

reported as central elements of signalling pathways involved in nutrient and carbon sensing 

(Robaglia et al. 2012; Dobrenel et al. 2013). However, no evidence supports these two 

kinases being involved in the regulation of root nitrate uptake by nitrogen and carbon. Up-

regulation of AtNRT2.1 by sugars is not attributed to well-established specific sucrose or 

glucose sensing, although glucose-regulated expression of AtNRT2.1, independent of nitrate-

mediated mechanisms, can operate through HEXOKINASE1-mediated oxidative pentose 

phosphate pathway (OPPP) metabolism (Lejay et al. 2008; De Jong et al. 2014). Interestingly, 

changes in the expression of nitrate assimilatory genes in response to sucrose in the roots is 

also regulated by the signal coming from the OPPP pathway (Lejay et al. 2008; De Jong et al. 

2014). However, the molecular components involved in this signalling pathway are still 

unknown. Thus, in the future, efforts to understand the signalling pathway linked to the OPPP 

are necessary to reveal how nitrogen and carbon signalling pathways are integrated to 

regulate nitrate uptake by the roots.   

Recently however, findings demonstrating a direct regulatory function for the non-protein 

amino acid, gamma-aminobutyric acid (GABA) in ion flux, makes this a potential candidate 

for further investigations of plant C/N regulation in response to environmentally induced 

changes in C and N partitioning (Ramesh et al. 2015). In Arabidopsis, seed-targeted up-

regulation of Glutamate-to-GABA decarboxylation has been shown to lead to significant 

changes in C/N balance and storage reserves, suggesting a role for  a finely regulated GABA 

shunt in maintaining C/N equilibrium (Fait et al. 2011). 
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5.2.2	Cytokinin	control	of	nitrogen	uptake	in	response	to	C/N	ratio	

Despite several studies proposing possible mechanisms underlying C and N signalling in 

Arabidopsis, a definitive mechanistic understanding remains elusive. The results of the 

cytokinin metabolite profiling and LpRR expression (Chapter 2, Fig. 2.11) are consistent with 

cytokinins acting as a systemic N signal regulating N uptake and assimilation as suggested 

for Arabidopsis (Ruffel et al. 2011). By perturbing C assimilation and metabolism with a 

defoliation-regrowth treatment, it is proposed that cytokinin-mediated NO3
- uptake and 

assimilation also acts to balance C and N resources at the whole plant level. A model is 

conceived whereby cytokinins serve as a signal to integrate C and N metabolism via tissue-

specific function (Fig. 5.2). This involves (i) cytokinin-mediated reduction in NO3
- uptake in 

roots and increase in NO3
- assimilation in re-growing shoots under low C/high N status (low 

N demand); (ii) a shift in C allocation from shoots to roots which serves to stimulate NO3
-

assimilation in roots under high C/low N status (high N demand). Given that IAA 

biosynthesis is up-regulated by soluble sugars (LeClere et al. 2010; Lilley et al. 2012; 

Sairanen et al. 2012) and N deficiency tends to induce basipetal auxin transport in LR via 

AtNRT1.1 (Krouk et al. 2010), it is possible that auxin is also involved in the shoot-root bi-

directional C-N signalling loop in relation to balancing C/N (Wang and Ruan 2016). 
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Cytokinin restores the C:N balance by down regulating NO3
- uptake in a C-status dependent 

manner: when grazing or inorganic N application leads to a decrease in the C:N balance, 

cytokinin serves as a signal to mediate the down-regulation of NO3
- uptake in roots and the 

up-regulation of NO3
- assimilation in the re-growing shoots, thereby re-balancing the C and N 

resources at the whole plant level. 

 

 

 

 

 

 

Fig 5. 2 A model depicting the role of cytokinin in C:N homeostasis 



115	
	

5.2.3	The	importance	of	root	foraging	in	nutrient	uptake	

Plant roots show a high degree of plasticity in response to N availability in the field. 

Following development of an improved plate culture system, root morphological changes in 

response to in a wide range of N sources and N conditions were investigated (Fig. 5.3). As 

summarized in Fig. 5.3, N deficiency induced the growth of more exploratory root system 

with greater lateral root length in B. napus, which is in agreement with previous findings in 

Arabidopsis (López-Bucio et al. 2003). However, the total root length and LR density was 

greater in plants grown in low nitrate condition relative to the N-free condition. These results 

indicate that plants are able to use different strategies to modify RSA in response to the 

amount of nitrate as also suggested by Giehl et al. (2014) and Giehl and von Wirén (2014).  

In this study, the application of the cytokinin, 6-benzylaminopurine (BA) and the cytokinin 

antagonist, PI-55, induced contrasting phenotypes (Fig. 5.3). Based on these observations, the 

functional impact of RSA in relation to N uptake was investigated. In situ 15N isotope 

labelling was used to investigate the spatiotemporal uptake of nitrate. This allowed an 

assessment of the relationship between root and N uptake. The contrasting root traits induced 

pharmacologically displayed differences in N uptake, with relatively high N cumulative 

uptake by more highly branching roots and low N cumulative uptake by the small, less 

branched root systems. However, it is worth noting that the N uptake rate per unit root length 

in the contrasting root systems showed the opposite trend. These data imply that plants are 

able to balance root foraging and N uptake rate. This investigation of varying root traits and 

its impact on N uptake has shown that root proliferation in response to external N is a 

behaviour which integrates local N availability and systemic N status in the plant. This 

integration is, at least in part, regulated by cytokinin signalling. Although it is difficult to 

interpret phenotypic root plasticity in a functional way, knowledge of functional differences 

between contrasting root traits in relation to nitrate capture should be helpful in guiding 

forage brassica breeding for high N acquisition.  
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Fig 5. 3 Summary of morphological changes in B. napus roots in response to different N 
sources, cytokinin and the cytokinin antagonist PI-55. 
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5.3 CONCLUDING STATEMENT AND THOUGHTS FOR FUTURE WORK 

In conclusion, using two major economic forage species in New Zealand agriculture system, 

L. perenne and B. napus, this project investigated three distinct but related components: 1) 

dynamic relationships between plant carbohydrate status and NO3
--responsive uptake systems, 

transporter gene expression and N assimilation during early regrowth in Lolium perenne; 2) 

root morphological changes in response to a wide range of N availability; 3) the functional 

relationship between contrasting root systems induced pharmacologically, and N uptake. 

Each of these components contributes to our understanding of the mechanisms impacting on 

N uptake. Building on previous studies, the factors that impact on N uptake by the roots are 

summarized in Fig. 5.4. The results of Chapter 2 provide clear evidence that the rapid and 

large shifts in carbon storage triggered by defoliation have significant impact on nitrate 

uptake in an N-status dependent manner. Intact plants grown under high and low N 

conditions displayed distinct NO3
- uptake rates (Chapter 2, Fig. 2.6), confirming that root 

NO3
- uptake is regulated by both exogenous N availability and the internal N status of the 

plant. In addition, root system architecture that reflects a plastic plant adaptation to 

environmental variation is another important determinant of N uptake. The modification of 

RSA, controlled by co-ordinating local nitrate signalling and systemic signalling, enables 

plants to forage for sparingly available resources with greater efficiency (Chapter 4).  
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Fig 5. 4 Correlation network and regulatory components in N uptake by the roots 
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It is clear from this study, and others preceding it, that N uptake and assimilation are strongly 

linked to C metabolism. However, the signalling mechanisms underpinning the coordination 

between N and C metabolism are mostly unknown. By using high throughput sequencing, it 

may be possible for future studies to identify novel players correlated with changes in C and 

N status in plants experimentally manipulated to possess a wide range of C/N ratios.  Root 

system architecture, as another important determinant of N uptake, was also investigated in 

this study. Modifications of RSA were correlated to N uptake in the plate-vertical culture 

system. This study helped assess the functional significance of root traits in N uptake. In 

future research, a wide range of architectural and anatomical root phenotypes should be used 

to investigate whether the variation of root traits is associated with N uptake under field 

conditions, and to what extent each root trait correlates to N uptake. Although not involved in 

this thesis, the impacts of plant roots and rhizosphere microbes on N uptake should be 

investigated. Understanding and manipulating interactions at the root /soil /microbe interface 

may be a productive tool, providing benefits for plant nutrient uptake under field conditions. 

In order to increase yield, considerable amounts of N fertilisers are applied to crops each year. 

However, about 25-70% of applied N fertilisers in agricultural systems are leached and 

released to the environment, in the form of NO, N2O and NH3, with potentially severe 

negative environmental outcomes (Davidson et al. 2011; Sutton et al. 2011; De Vries et al. 

2013; Qiao et al. 2015). Improving N utilization efficiency is a priority to maintain food 

production while alleviating the deleterious environmental effects of fertiliser N. The study of 

the impact of perturbing C/N on nitrate uptake (Chapter 2) threw light on how plants such as 

perennial grasses take up and use nitrogen during the gazing cycle. These findings will help 

further in efforts to improve nitrogen use efficiency. Advice to farmers would be to avoid 

addition of N fertiliser too soon after grazing, as this may result in relatively low N uptake 

due to the low carbon availability in recently defoliated plants. Appling N fertilizers at the 

right time could benefit the agricultural system by achieving greater production with lower 

inputs. However, the optimum timing for N fertilizer addition after grazing is yet to be 

established. A key point for the future work would be investigating the spatiotemporal 

changes in N uptake rate and carbohydrate remobilisation during several rotations of grazing 

to identify the optimal timing for N addition. 
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Protocol for oligosaccharide profiling 

 

Perennial ryegrass samples were harvested and immediately flash frozen in liquid nitrogen. 

Ground and freeze-dried plant materials (25 mg) were weighed and placed into 2 mL 

Eppendorf tubes for fructan extraction. After addition of 750 mL of boiling milliQ water, 

samples were vortexed for 5 s, placed on a heating block at 90 °C for 15 min, and then cooled 

down to room temperature and centrifuged at 14000 rpm for 10 min. The supernatants were 

transferred to filter tubes, centrifuged at 14000 rpm for 2 min and transferred to LC vials. 

Extracts were analyzed using an Agilent 1290 Infinity LC System (Agilent Technologies, 

Waldbronn, Germany) coupled to an Agilent 6550 Accurate-Mass QTOF LC-MS system 

with a dual Agilent Jet Stream source operating in negative mode. The QTOF was tuned for a 

mass range of 70-1700 m/z. A 2 µL aliquot of the sample was injected onto an Acquity 

UPLC HSS T3 C18 column (2.1 x 50 mm, 1.8 µm) combined with a 2.1 mm x 5 mm, 1.8 µm 

VanGuard precolumn (Waters Corporation, Milford, MA, USA) held at 40 °C. Compounds 

were eluted using a linear gradient consisting of 0.1 to 10% solvents (0.1% FA, 75/25 

ACN/IPA) over 2 min. Mass spectrometry grade formic acid was purchased from Sigma-

Aldrich (St Louis, MO, USA) and HPLC grade acetonitrile from Fisher Scientific (Fair Lawn, 

NJ, USA). Data was collected in centroid mode with an acquisition rate of 4 scans/s and 1975 

transients/spectrum. Analytical data were exported as NetCDF files and processed and 

analyzed using in-house-scripts in MATLAB 7.14.739 (R2012a) (Mathworks, Natick, MA). 
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Table S1. Primer sequences  

F, forward; R, reverse 

 

Primers	 Sequence	 GenBank	Accession	No.	

Lp1-FEHF	 AAGGTGCCAAACATGTCCTC	 AY693396.5	

Lp1-FEHR	 TGCGACGTCATCTGAAGAAC	 	

Lp6-FEHF	 AGATAGTGTTTCAGATGATGGCGTG	 KY554803	

Lp6-FEHR	 CATGCTCCATGCCCTGAGTTG	 	

LpNRT1.1F	 CGTACATCGGVCAGCTMGACTTCT	 KY554804	

LpNRT1.1R	 YTGATGTCGTCGGCGAGCCAG	 	

LpNRT1.2F	 TCAGCAGCATTGGTGGAGAGTAAC	 KY554805	

LpNRT1.2R	 GCACAAGAGAMAGGATRAACGAAY	 	

LpNRT1.3F	 CCTCCTCTTCACCTCCCTCAACGAG	 KY554806	

LpNRT1.3R	 AACTGCGGCACCAGCCAGAAC	 	

LpNRT1.4F	 GGACCATCTACGCGCAGATGAT	 KY554807	

LpNRT1.4R	 ACGAGGCCGATGCCGATCTTCTC	 	

LpNRT1.5F	 CCWYMGCCCTGCTGCTSTTC	 KY554808	

LpNRT1.5R	 AACCTGAAGCCTTYGGTGTGCAGAAG	 	

LpNRT2.1aF	 CACCTCTCGTGGATCTCCTTCTT	 KY554809	

LpNRT2.1aR	 GCGGCGAGCATGACGAGGAAG	 	

LpNRT2.1bF	 GCTGGTGGTAACGTGGGTGCAG	 KY554810	

LpNRT2.1bR	 AGCGGGAGTTCTCKGCRAACTTTTG	 	

LpNRT2.5F	 CTGCCGCTCATCCGGGACAC	 KY554811	

LpNRT2.5R	 MGKYGATGATGGASGAGCAGTACAC	 	

LpNRT2.7F	 CATCCCCTGCGCCCTGCTCATC	 KY554812	

LpNRT2.7R	 GCGGCCACGTTYTCCATGATGAG	 	

LpNARF	 CGAGCACAAGGCSAAGWCCW	 KY554813	

LpNARR	 AGCGGGAGTTCTCTGCGAACT	 	
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LpNR1F	 CCGTCCATGGCGGTTCCAATC	 KY554814	

LpNR1R	 CCGGAGCCGTACTCGTC	 	

LpNRbF	 CCTCACCGCCATCGTCGA	 KY554815	

LpNRbR	 CAGGCCGACGAAGGAG	 	

LpNiRF	 AGAGCAGCCACGCCGAC	 KY554816	

LpNiRR	 ACACRAAGATGTGCTTG	 	

LpCKX4F	 CTGAACCTTCTWATCCCAAGAAGC	 KY554817	

LpCKX4R	 CAGGAGGCGTCCTTCGGTTTCA		 	

LpCKX6F	 AGTTTGCGGTTCATGATTACCAGCAC	 KY554818	

LpCKX6R	 CGCCCACGGAGAGGTAGAGGTAG	 	

LpRR2F	 CCAGTTCGTCTAGCTTTCAGAGTTCC		 KU136271	

LpRR2R	 GCCTTCACATCTGTCCACTAAATCCG		 	

LpRR3F	 ATCGTCGGAGCTGAAGCAGATTC		 KU136272	

LpRR3R	 CTGACAGGCTTGAGCAGGAACTC		 	

LpRR6F	 GCATCCTCCGCAGCTCCAAGT	 KU136273	

LpRR6R	 CGGGCATCCAGTAGTCGGTGAT	 	

LpRR10F	 CCAACCAGCACCCATTCTCAGTC		 KU136275	

LpRR10R	 GCCGCCAGTGATACACCATTTGA		 	

LpRR12aF	 GCAGGATTCTAGTATATCCCAGCAGTGT		 KU136276	

LpRR12aR	 TGCCAGAAGAACGAGTTCCACATTTG	 	

LpRR12bF	 GTTCCACAAGCGAAGATTGATTTCCTC		 KU136277	

LpRR12bR	 AAGCCCCGAGCGAGTAGAAGTC		 	
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Tissue	 Conditions	 State	 tZ	 tZOG	 tZR	 tZROG	 tZ7G	 tZ9G	

Stubble	

LN-0.05	 NO	CUT-T48	 1.52	 ±	 0.28	
	

0.11	 ±	 0.02	
	

0.79	 ±	 0.24	
	

0.35	 ±	 0.06	
	 	

0.17	 ±	 0.02	
	

25.38	 ±	 5.50	
	

LN-0.05	 CUT-T48	 1.60	 ±	 0.54	
	

0.15	 ±	 0.04	
	

0.78	 ±	 0.22	
	

0.37	 ±	 0.07	
	 	

0.19	 ±	 0.04	
	

34.71	 ±	 10.99	
	

HN-5	 NO	CUT-T48	 4.81	 ±	 1.06	 		 0.88	 ±	 0.17	 		 2.91	 ±	 0.87	 		 2.62	 ±	 0.75	 		 		 0.40	 ±	 0.03	 		 93.03	 ±	 25.59	 		

HN-5	 CUT-T48	 2.75	 ±	 0.75	
*	

0.62	 ±	 0.16	 		 1.01	 ±	 0.22	
**	

1.96	 ±	 0.58	 		 		 0.45	 ±	 0.04	 		 64.34	 ±	 11.59	 **	

Root	

LN-0.05	 NO	CUT-T48	 1.06	 ±	 0.30	
	

0.22	 ±	 0.02	
	

0.51	 ±	 0.13	
	

0.28	 ±	 0.09	
	 	

0.33	 ±	 0.13	
	

38.54	 ±	 8.02	
	

LN-0.05	 CUT-T48	 1.67	 ±	 0.48	
	

0.21	 ±	 0.03	
	

0.53	 ±	 0.14	
	

0.17	 ±	 0.04	
	 	

0.69	 ±	 0.24	 *	 28.53	 ±	 4.33	
	

HN-5	 NO	CUT-T48	 2.49	 ±	 0.45	 		 0.66	 ±	 0.16	 		 1.61	 ±	 0.43	 		 0.90	 ±	 0.13	 		 		 0.67	 ±	 0.15	 		 98.39	 ±	 26.96	 		

HN-5	 CUT-T48	 3.59	 ±	 1.17	 		 0.57	 ±	 0.07	 		 1.01	 ±	 0.31	 		 0.64	 ±	 0.14	
*	

		 0.41	 ±	 0.14	 *	 109.67	 ±	 11.02	 		

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

Stubble	

Glucose-0.1%	 1.94	 ±	 0.68	 		 0.74	 ±	 0.16	 		 1.54	 ±	 0.45	 		 1.48	 ±	 0.37	 		 		 0.38	 ±	 0.09	 		 105.25	 ±	 21.52	 		

Mannitol-0.1%	 2.05	 ±	 0.72	 		 0.59	 ±	 0.12	 		 1.24	 ±	 0.43	 		 1.80	 ±	 0.49	 		 		 0.38	 ±	 0.07	 		 104.57	 ±	 28.21	 		

Glucose-1%	 1.89	 ±	 0.65	
	

0.79	 ±	 0.15	 **	 1.07	 ±	 0.26	
	

2.03	 ±	 0.31	 *	
	

0.47	 ±	 0.08	
	

89.94	 ±	 15.10	
	

Mannitol-1%	 1.60	 ±	 0.59	 		 0.44	 ±	 0.06	 		 0.72	 ±	 0.26	 		 1.54	 ±	 0.12	 		 		 0.37	 ±	 0.08	 		 75.96	 ±	 12.88	 		

Root	

Glucose-0.1%	 2.80	 ±	 0.45	 *	 0.99	 ±	 0.19	 **	 1.00	 ±	 0.24	
	

0.38	 ±	 0.13	 **	
	

0.14	 ±	 0.02	
	

106.20	 ±	 22.09	
	

Mannitol-0.1%	 1.94	 ±	 0.57	 		 0.56	 ±	 0.14	 		 1.21	 ±	 0.36	 		 0.86	 ±	 0.19	 		 		 0.12	 ±	 0.02	 		 99.24	 ±	 23.13	 		

Glucose-1%	 2.30	 ±	 0.61	
	

0.59	 ±	 0.09	
	

0.85	 ±	 0.20	
	

0.64	 ±	 0.20	
	 	

0.13	 ±	 0.03	 **	 74.38	 ±	 10.29	
	

Mannitol-1%	 2.04	 ±	 0.43	 		 0.55	 ±	 0.11	 		 1.30	 ±	 0.34	 		 0.90	 ±	 0.24	 		 		 0.31	 ±	 0.07	 		 84.82	 ±	 16.76	 		
 

 

 

Table S 1-S6  Cytokinin concentrations in low (LN) and high (HN) roots and leaf sheaths 48 h after defoliation. Values are means ±SEM 

(n=5, pools of five plants each).*denotes significantly different means between intact plants (gray bars) and defoliated plants (black bars), or 

between defoliated plants (black bars) and defoliated plants supplemented with 1% glucose (white bars) or 1% mannitol (hatched bars) (* 

P<0.05, ** P<0.01, ***P<0.001). 
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Tissue Conditions State cZ cZOG cZR cZROG cZRMP cZ9G 

Stubble 

LN-0.05 NO CUT-T48 14.86 ± 4.16 
 

25.19 ± 3.82 
 

128.36 ± 24.08 
 

127.06 ± 13.08 
 

2.28 ± 0.59 
 

0.30 ± 0.08 
 

LN-0.05 CUT-T48 15.73 ± 4.00 
 

34.00 ± 6.66 
 

169.15 ± 29.96 
 

161.26 ± 23.44 * 2.49 ± 0.33 
 

0.37 ± 0.10 
 

HN-5 NO CUT-T48 59.85 ± 16.11   49.79 ± 13.80   396.21 ± 111.88   125.00 ± 25.69   9.12 ± 2.08   0.39 ± 0.13   

HN-5 CUT-T48 105.29 ± 11.41 ** 77.37 ± 18.73 * 324.48 ± 103.01   127.60 ± 26.88   4.00 ± 1.22 ** 0.51 ± 0.15   

Root 

LN-0.05 NO CUT-T48 4.14 ± 0.80 
 

40.04 ± 4.21 
 

18.81 ± 5.35 
 

116.18 ± 20.30 
 

1.79 ± 0.25 
 

0.62 ± 0.05 
 

LN-0.05 CUT-T48 3.84 ± 0.87 
 

59.83 ± 11.24 * 10.02 ± 3.12 * 82.58 ± 18.29 * 1.91 ± 0.54 
 

0.54 ± 0.09 
 

HN-5 NO CUT-T48 21.03 ± 5.18   44.99 ± 7.93   63.62 ± 14.53   152.14 ± 31.52   4.75 ± 1.26   0.86 ± 0.15   

HN-5 CUT-T48 28.46 ± 7.83   49.47 ± 7.44   70.47 ± 17.28   190.07 ± 46.22   3.21 ± 0.90   1.56 ± 0.41   

                           

Stubble 

Glucose-0.1% 46.82 ± 15.57 ** 85.26 ± 19.43   311.56 ± 102.14   172.57 ± 34.41   8.48 ± 1.43 ** 0.50 ± 0.03   

Mannitol-0.1% 12.44 ± 2.75   66.33 ± 20.37   346.00 ± 106.31   238.29 ± 62.33   22.32 ± 5.73   0.47 ± 0.10   

Glucose-1% 40.33 ± 12.24 ** 87.56 ± 19.05 
 

378.53 ± 110.67 
 

168.86 ± 41.90 
 

21.22 ± 5.99 
 

0.51 ± 0.07 
 

Mannitol-1% 17.10 ± 4.03   68.68 ± 13.61   321.97 ± 113.11   176.31 ± 27.24   23.29 ± 5.30   0.68 ± 0.15   

Root 

Glucose-0.1% 7.51 ± 1.92 
 

43.33 ± 7.46 
 

12.31 ± 3.61 * 110.38 ± 29.15 *** 3.61 ± 0.67 * 0.98 ± 0.24 
 

Mannitol-0.1% 9.56 ± 1.56   39.75 ± 10.28   28.31 ± 9.36   237.33 ± 33.41   5.85 ± 1.30   1.02 ± 0.27   

Glucose-1% 6.92 ± 1.61 
 

41.64 ± 5.18 
 

28.79 ± 7.49 
 

170.46 ± 38.68 
 

4.48 ± 0.79 
 

0.73 ± 0.18 
 

Mannitol-1% 8.54 ± 1.69   33.11 ± 5.88   38.79 ± 11.33   225.95 ± 48.15   4.51 ± 1.23   0.99 ± 0.23   
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Tissue Conditions State Total DHZ-types DHZ DHZOG DHZR DHZRMP DHZ7G                            DHZ9G 

Stubble 

LN-0.05 NO CUT-T48 3.5 ± 0.6   0.20 ± 0.07 0.036 ± 0.00 
 

2.24 ± 0.47 
 

1.00 ± 0.13 
 

0.11 ± 0.02 0.04 ± 0.01 
 

LN-0.05 CUT-T48 4.4 ± 0.5   0.16 ± 0.04 0.044 ± 0.01 * 2.87 ± 0.57 
 

1.18 ± 0.23 
 

0.17 ± 0.05 0.03 ± 0.01 
 

HN-5 NO CUT-T48 13.3 ± 2.3   0.78 ± 0.26 0.21 ± 0.04   7.51 ± 1.54   4.44 ± 0.99   0.43 ± 0.08 0.13 ± 0.04   

HN-5 CUT-T48 10.7 ± 1.1   0.86 ± 0.24 0.22 ± 0.06   5.85 ± 1.36   3.30 ± 0.82   0.32 ± 0.09 0.14 ± 0.04   

Root 

LN-0.05 NO CUT-T48 1.2 ± 0.2   0.19 ± 0.03 0.02 ± 0.00 
 

0.44 ± 0.13 
 

0.27 ± 0.06 
 

0.19 ± 0.06 0.08 ± 0.02 
 

LN-0.05 CUT-T48 0.9 ± 0.2   0.25 ± 0.05 0.01 ± 0.00 
 

0.31 ± 0.09 
 

0.14 ± 0.04 * 0.17 ± 0.05 0.06 ± 0.01 
 

HN-5 NO CUT-T48 3.6 ± 0.9   0.51 ± 0.13 0.05 ± 0.01   1.67 ± 0.47   0.90 ± 0.28   0.39 ± 0.11 0.13 ± 0.03   

HN-5 CUT-T48 4.1 ± 0.5   0.79 ± 0.24 0.04 ± 0.01   1.86 ± 0.34   0.81 ± 0.22   0.40 ± 0.09 0.19 ± 0.07   

                             

Stubble 

Glucose-0.1% 8.6 ± 1.2   0.55 ± 0.12 0.27 ± 0.05   3.48 ± 1.00   3.88 ± 0.91   0.41 ± 0.12 0.15 ± 0.05   

Mannitol-0.1% 9.4 ± 1.2   0.36 ± 0.11 0.20 ± 0.06   3.61 ± 0.90   4.72 ± 0.99   0.42 ± 0.14 0.10 ± 0.03   

Glucose-1% 14.0 ± 1.7 * 0.47 ± 0.13 0.32 ± 0.08 * 6.17 ± 1.29 
 

6.47 ± 1.26 
 

0.42 ± 0.10 0.15 ± 0.01 
 

Mannitol-1% 10.8 ± 2.0   0.39 ± 0.05 0.21 ± 0.04   4.45 ± 1.24   5.28 ± 1.02   0.30 ± 0.07 0.17 ± 0.05   

Root 

Glucose-0.1% 2.4 ± 0.4 * 0.33 ± 0.12 0.09 ± 0.02 
 

0.46 ± 0.14 ** 0.98 ± 0.28 * 0.39 ± 0.07 0.15 ± 0.03 
 

Mannitol-0.1% 4.1 ± 1.2   0.31 ± 0.10 0.08 ± 0.02   1.06 ± 0.32   2.15 ± 0.71   0.33 ± 0.09 0.14 ± 0.04   

Glucose-1% 3.0 ± 0.5   0.34 ± 0.05 0.08 ± 0.02 * 0.85 ± 0.27 * 1.30 ± 0.36 
 

0.28 ± 0.07 0.13 ± 0.03 
 

Mannitol-1% 3.6 ± 0.5   0.31 ± 0.03 0.05 ± 0.01   1.38 ± 0.36   1.43 ± 0.24   0.26 ± 0.05 0.13 ± 0.03   
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Tissue Conditions State Total iP-types iP iPR iP7G iP9G 

Stubble 

LN-0.05 NO CUT-T48 17.4 ± 3.4   1.82 ± 0.36 
 

11.62 ± 3.13 
    

1.10 ± 0.38 
 

2.83 ± 0.54 
 

LN-0.05 CUT-T48 22.2 ± 2.9   1.84 ± 0.30 
 

16.47 ± 2.43 * 
   

0.77 ± 0.27 
 

3.08 ± 0.45 
 

HN-5 NO CUT-T48 12.5 ± 2.1   2.27 ± 0.46   5.52 ± 1.20         1.17 ± 0.42   4.18 ± 0.96   

HN-5 CUT-T48 13.3 ± 1.9   2.17 ± 0.36   5.33 ± 1.13         0.89 ± 0.10   4.91 ± 0.73   

Root 

LN-0.05 NO CUT-T48 9.9 ± 1.8   2.28 ± 0.61 
 

4.61 ± 1.18 
    

0.33 ± 0.10 
 

2.86 ± 0.58 
 

LN-0.05 CUT-T48 9.0 ± 1.5   2.30 ± 0.50 
 

4.23 ± 1.33 
    

0.20 ± 0.07 
 

2.27 ± 0.65 
 

HN-5 NO CUT-T48 20.6 ± 1.6   3.91 ± 0.75   10.67 ± 0.86         0.27 ± 0.07   5.80 ± 0.63   

HN-5 CUT-T48 16.6 ± 3.0 * 2.56 ± 0.30 * 5.48 ± 1.10 ***     0.16 ± 0.02   8.53 ± 2.12 * 

                          

Stubble 

Glucose-0.1% 28.0 ± 4.4   3.11 ± 0.78   19.13 ± 5.06         0.48 ± 0.12   6.09 ± 1.69   

Mannitol-0.1% 26.0 ± 3.5   2.63 ± 0.59   16.67 ± 3.84         0.95 ± 0.31   5.74 ± 1.19   

Glucose-1% 30.5 ± 5.6 * 3.06 ± 0.66 
 

22.42 ± 6.07 * 
   

0.44 ± 0.13 
 

4.57 ± 1.14 
 

Mannitol-1% 19.6 ± 5.0   2.31 ± 0.21   11.75 ± 3.66         0.42 ± 0.09   5.07 ± 1.46   

Root 

Glucose-0.1% 20.3 ± 4.8   3.42 ± 0.99 
 

7.55 ± 1.62 
     

< LOD 
  

9.38 ± 2.46 
 

Mannitol-0.1% 22.1 ± 3.0   2.75 ± 0.32   10.34 ± 2.97           < LOD     9.05 ± 1.23   

Glucose-1% 15.5 ± 1.0   2.49 ± 0.61 
 

8.19 ± 0.73 
     

< LOD 
  

4.78 ± 0.86 
 

Mannitol-1% 17.7 ± 2.9   2.45 ± 0.43   8.49 ± 2.29           < LOD     6.77 ± 1.51   
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Fig S 1. Phylogeny of LpNRT , LpNR, LpNiR gene family 

Neighbor-joining (NJ) phylogenetic trees of the newly identified sequences and their orthologues 

were created using ClustalX2 software with 1000 bootstrap replicates. Phylogenetic tree was 

visualised with TreeView X software. The tree was rooted with an out group sequence, NRT2.1, in 

Brachypodium distachyon Bd.  Brachypodium distachyon Bd, Lolium perenne Lp, Oryza 

Brachyantha Ob, Oryza sativa Os, Seteria italica Si, Triticum aestivum Ta, Triticum urartu Tu, 

Zea mays Zm. 
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Fig S 2. Lp6-FEH and Lp1-FEH expression in L. perenne leaf sheaths with 6 h of 

supplemental glucose. Plants were grown in HN conditions and supplied with 0.1% or 1% 

glucose 42 h after defoliation. Each data point is normalized against reference genes eEF-1α 

and GAPDH. Values are means ±SEM (n=3, pools of five plants each) 
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Fig S 3. Effects of glucose addition on N allocation to leaf sheaths in L. perenne grown in 

5 mM NO3
-, 48 h after defoliation. Values are means ±SEM (n=5, pools of five plants each). 

*denotes significantly different means between mannitol (gray bars) and glucose (black bars) 

treatment (* P<0.05). 
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Fig S 4.  Effects of 0.1% and 1% glucose addition on putative LpNRT2.1a gene 

expression in L. perenne roots grown in 5 mM NO3
-, 48 h after defoliation. Each data 

point is normalized against reference genes eEF-1α and GAPDH. Values are means ±SEM 

(n=3, pools of five plants each).  
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Fig S 5. Expression of putative LpCKX  and LpR in L. perenne. Plants grown at either 

0.05 mM (LN) or 5 mM (HN) NO3
- , were defoliated (or left intact) and then incubated 5 

mM or 0.05 mM NO3
- for 1 h.  Each data point is normalized against reference genes eEF-

1α and GAPDH. Values are means ±SEM (n=3, pools of five plants each). *denotes 

significantly different means between intact plants (gray bars) and defoliated plants (black 

bars) (* P<0.05, ** P<0.01). 
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L. perenne growth in germination paper system and technical difficulties 

L. perenne seeds were surface sterilized for 5 min in 75% (v/v) ethanol, followed by 15 min 

in 5 mL of 0.5% SDS (v/v). Sterilized seeds were planted in filter papers soaked with ddH2O 

in petri dishes. After germination for 5 d, the uniform seedlings were selected and transferred 

to germination papers soaked with Hoagland medium containing different nitrate 

concentrations. During the treatments, roots were grown in darkness by wrapping containers 

in aluminium foil. Some preliminary success was achieved in obtaining root system images 

(see Fig. S6). However, the paper system was not able to be successfully adopted with any 

degree of consistency due to seed contamination and because the liquid medium soaked into 

the upper part of germination papers easily dried out. Given these circumstances, and in the 

time available, a decision was made to focus this analysis on B. napus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig S6  L. perenne seedlings show differences in root system architecture on various 

nitrate conditions.  Representative examples of 19-day-old seedlings on Hoagland medium 

containing 0.1 mM nitrate (A), 1 mM nitrate (B), and 10 mM nitrate (C). 
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Table S7.  Primer sequences 

F, forward; R, reverse 

Primers Sequence 

BnNRT1.1F TCTAGGGTTTTMTCTACTCATCCCACAATAC 

BnNRT1.1R CAGCKATCCAYGGATGAGCTTTATC 

BnNRT1.5F CACTCACTGTGATGGCTCAAGCTC 

BnNRT1.5R TTGGAATCCAACCAGGCATGTGATC 

BnNRT1.8F TCAGTACATGATGATAGGTGCATCAGAAG 

BnNRT1.8R AGCACAAACCAGGTAAACCACAAAATC 

BnNRT2.1F TGGATMTCTTTCTCCACATGTTTTGTCTC 

BnNRT2.1R TCCCATCACSAGCCTAGAGAAGATAC 

BnPHO1aF GGCCAACCAAGTCGATACAATTCCTG 

BnPHO1aR GTAACACGCAGTTGACTCTAAATGTCTCAG 

BnPHO1bF TGAAGTCGACACCATTCCAGGCATC 

BnPHO1bR ACGCAGTTGACTCAATATGTCTAAGCAATG 
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Fig S 7  The effects of PI-55 and BAP on C allocation in B.napus during 96 h of growth 

on phytogel plates with a homogeneous supply of 1 mM KNO3. Percentage of C allocation 

to roots is referred to as the percentage of whole plant C allocated to roots. Vertical bars 

indicate mean ± SE of 30 plates with two seedlings per plate. Bars with different upper and 

lower case letters denote means that are significantly different within the measurements of C 

allocation to roots and shoot/root carbon ratio, respectively (P<0.05).	
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Fig S 8. The effects of PI-55 and BAP on dry weight and N content of shoots and roots 

in B. napus during 96 h of growth on phytogel plates with a homogeneous supply of 1 

mM KNO3. Percentage of C allocation to roots is referred to as the percentage of whole plant 

C allocated to roots. Vertical bars indicate mean ± SE of 30 plates with two seedlings per 

plate. Bars with different upper  case letters denote means that are significantly different 

within the measurements of dry weight and N content in shoots, respectively (P<0.05). Bars 

with different lower  case letters denote means that are significantly different within the 

measurements of dry weight and N content in roots, respectively (P<0.05). 

	

	

	

	

	


